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ABSTRACT 

We recognize a number of uncer ta in t ies  and inconsis tencies  in the 

c l a s s i ca l  theory of me teo r s .  However, the general  cha rac t e r i s t i c s  of the 

theory a r e  ver i f ied by a s izable  c l a s s  of objects of modera te  br ightness  

and we therefore  accept  it a s  a f i r s t  approximation. 

We believe the bulk density of the meteoroid to  be the leas t  well- 

determined p a r a m e t e r  enter ing the theory  and one of the mos t  important .  

If we could demonst ra te  convincingly that densi t ies  for  some c l a s s  of objects 

a r e  s i m i l a r  t o  the density of me teo r i t i c  stone, we could accept  the composi- 

tion and s t r u c t u r e  as (probably) known and reduce the uncertaint ies  in the 

physical theory  of m e t e o r s .  

predicted by comet  models ,  and proof of i ts  exis tence i s  of substant ia l  

importance.  

me teo r i t i c  ma te r i a l .  

i n  the past ,  suggested that  low density prevailed.  

s e e n  i n  the f i reba l l  data. 

On the o ther  hand, low-density m a t e r i a l  is 

We thus think it unjustified to a s sume  a high density fo r  

A st raightforward interpretat ion of me teo r  data has,  

The same  resu l t  is now 

We have attempted t o  a l te r  the c l a s s i ca l  theory,  following other  authors  

i n  par t ,  i n  o r d e r  to  explain observat ions of faint and bright m e t e o r s  i n  t e r m s  

of a high density.  

be successful ly  extrapolated to the ve ry  bright f i reba l l s .  

meteoro id  as suggested by Allen and Baldwin becomes l e s s  important  as the 

body s i ze  i n c r e a s e s  and l e s s  possible as the object pene t ra tes  deeper  into 

the atmosphere.  

Ka i se r  becomes decreas ingly  impor tan t  as the body s i ze  inc reases ,  as can  

be demonst ra ted  both by a mathemat ica l  model  and by the exis tence of 

me teo r i t e s  of l e s s  than the c r i t i ca l  s ize .  

None of the explanations offered by previous authors  can 

Frothing of the 

Fragmenta t ion  by t h e r m a l  shock as proposed by Jones  and 

V 



We have a l so  t r ea t ed  th ree  additional var ia t ions  in the theory.  These  

a r e  f ragmentat ion of small par t ic les ,  g r o s s  f ragmentat ion,  and a r e v e r s e -  

rocket  effect produced by high-velocity spall. 

e i t he r  inefficient or unrea l i s t ic  models  f o r  disguising the t r u e  bulk density. 

We find all of these  to  be 

We conclude e i ther  that  a lmost  a l l  objects a r e  low dens i ty=  that  the 

m e t e o r  theory o r  the constants employed contain a g r o s s  e r r o r .  

th i s  l a t t e r  possibil i ty t o  be sl ight.  

We cons ider  

The s m a l l  t e rmina l  m a s s e s  of m o s t  f i r eba l l s  lend support  t o  our  conten- 

t ion that  they a r e  unlike me teo r i t e s .  

over  a 5-year  period i n  the P r a i r i e  Network c a s t s  s e r i o u s  doubt on our  

predicted r a t e  of fall of me teo r i t e s .  

physical  effects - t h e r m a l  shock, ablation, and p r e s s u r e  f ragmentat ion - m a y  

produce substant ia l  var ia t ions between the m a s s - n u m b e r  f l u x  of me teo r i t e s  

outside the a tmosphere  and on the ground, and we believe that  i t  is impossible  

a t  present  to  make  a sens ib le  extrapolat ion f r o m  the observed dis t r ibut ion to 

that  in space.  

The nea r  absence of any l a r g e  m a s s e s  

We have noted that t h r e e  quite different  

vi  



R E S U M E  

N O U S  i d e n t i f i o n s  u n  c e r t a i n  n o m b r e  d ' i n c e r t i t u d e s  e t  d ' i n c o n -  

s i s t a n c e s  d a n s  l a  t h g o r i e  c l a s s i q u e  d e s  m g t d o r e s .  C e p e n d a n t ,  l e s  

c a r a c t 6 r i s t i q u e s  g & n g r a l e s  d e  l a  t h i o r i e  6 t a n t  v 6 r i f i g e s  p a r  u n e  

c l a s s e  a s s e z  i m p o r t a n t e  d ' o b j e t s  d e  b r i l l a n c e  m o d e ' r i e ,  n o u s  l ' a c -  

c e p t o n s  d o n c  comme u n e  p r e m i g r e  a p p r o x i m a t i o n .  

e *  
N O U S  p e n s o n s  q u e  l a  d e n s i t 6  d e  m a s s e  d e  l a  m e t e o r i t e  e s t  l e  

p a r a m g t r e ,  r e l a t i f  l a  t h g o r i e ,  l e  m o i n s  b i e n  d g t e r m i n e '  e t  u n  

d e s  p l u s  i m p o r t a n t s .  S i  n o u s  p o u v i o n s  d g r n o n t r e r  d ' u n e  f a s o n  c o n -  

v a i n c a n t e  q u e  l e s  d e n s i t g s  p o u r  c e r t a i n e s  c l a s s e s  d ' o b j e t s  s o n t  

s e m b l a b l e s  l a  d e n s i t ;  d e  l a  p i e r r e  m g t g o r i t i q u e ,  n o u s  p o u r r i o n s  

a d r n e t t r e  l a  c o m p o s i t i o n  e t  l a  s t r u c t u r e  comme c o n n u e s  ( p r o b a b l e -  

m e n t )  e t  r g d u i r e  l e s  i n c e r t i t u d e s  d a n s  l a  t h g o r i e  p h y s i q u e  d e s  

rn i t e ' o re s .  D ' u n  a u t r e  co^te', l e s  m o d g l e s  d e  comGtes  p r g d i s e n t  u n e  

m a t i g r e  f a i b l e  d e n s i t ; ,  e t  l a  p r e u v e  d e  s o n  e x i s t e n c e  e s t  d ' u n e  

c o n s i d g r a b l e  i m p o r t a n c e .  Nous p e n s o n s  d o n c  q u ' i l  n ' e s t  p a s  j u s -  

t i f i e '  d e  p r g s u r n e r  q u e  l a  m a t i g r e  m g t g o r i t i q u e  a i t  u n e  f o r t e  d e n -  

s i t & .  U n e  i n t e r p r g t a t i o n  d i r e c t e  d e s  d o n n g e s  d e s  m6 tgores ,  d a n s  

l e  p a s s & ,  a s u g g d r e '  q u ' u n e  f a i b l e  d e n s i t ;  p r g v a l a i t .  L e  rngrne 

r g s u l t a t  e s t  o b s e r v g  m a i n t e n a n t  d a n s  l e s  d o n n 6 e s  d e s  g l o b e s  d e  

f e u .  

A d o p t a n t  p a r t i e l l e m e n t  l e s  i d & e s  d ' a u t r e s  a u t e u r s ,  n o u s  a v o n s  

e s s a y &  d e  c h a n g e r  l a  t h e ' o r i e  c l a s s i q u e  p o u r  e x p l i q u e r  l e s  o b s e r -  

v a t i o n s  d e  m k t g o r e s  f a i b l e s  e t  d e  r n g t 6 o r e s  b r i l l a n t s  e n  t a n t  

q u ' o b j e t s  & f o r t e  d e n s i t e ' .  A u c u n e  d e s  e x p l i c a t i o n s  o f f e r t e s  p a r  

l e s  a u t e u r s  p r e ' c g d e n t s  n e  p e u t  g t r e  e x t r a p o l g e  a v e c  s u c c ' e s  a u x  

g l o b e s  d e  f e u  trGs b r i l l a n t s .  La f o r m a t i o n  d ' e ' c u m e  sur l a  m i -  
t G o r i t e ,  s u g g k r e ' e  p a r  A l l e n  e t  B a l d w i n ,  d e v i e n t  m o i n s  i m p o r t a n t e  

q u a n d  l a  t a i l l e  d e  l ' o b j e t  a u g m e n t e  e t  m o i n s  p r o b a b l e  q u a n d  

l ' o b j e t  p $ n & t r e  p l u s  p r o f o n d g m e n t  d a n s  1 ' a t m o s p h ; r e .  L a  f r a g m e n -  

t a t i o n  p a r  c h o c  t h e r m i q u e ,  comme c e l l e  p r o p o s e ' e  p a r  J o n e s  e t  

K a i s e r ,  d e ' c r o i t  e n  i m p o r t a n c e  q u a n d  l a  t a i l l e  d e  l ' o b j e t  a u g m e n t e ,  

comme o n  p e u t  l e  d g m o n t r e r  p a r  u n  m o d & l e  m a t h g m a t i q u e  e t  a u s s i  

p a r  l ' e x i s t e n c e  d e  m e ' t & o r i t e s  p l u s  p e t i t e s  q u e  l a  t a i l l e  c r i t i q u e .  
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N o u s  a v o n s  a u s s i  t r a i t 6  t r o i s  v a r i a t i o n s  s u p p l G m e n t a i r e s  d a n s  

l a  t h g o r i e .  C e  s o n t  l a  f r a g m e n t a t i o n  d e  p e t i t e s  p a r t i c u l e s ,  l a  

f r a g m e n t a t i o n  g r o s s i G r e ,  e t  u n  e f f e t  d e  r 6 t r o f u s ; e  p r o d u i t  p a r  

u n  6 c l a t  d e  g r a n d e  v i t e s s e .  N o u s  t r o u v o n s  q u e  t o u t e s  c e s  v a r i a -  

t i o n s  s o n t  d e s  m o d G l e s  s o i t  i n e f f i c a c e s  s o i t  i r r d a l i s t i q u e s  p o u r  

d i s s i m u l e r  l a  v r a i e  d e n s i t ;  d e  m a s s e .  

N o u s  c o n c l u o n s  q u e  p r e s q u e  t o u s  l e s  o b j e t s  s o n t  d e  f a i b l e  

d e n s i t ;  o u  b i e n  q u e  l a  t h g o r i e  d e s  m g t e r o r e s ,  o u  l e s  c o n s t a n t e s  

e m p l o y g e s ,  c c n t i e n n e n t  u n e  e r r e u r  f l a g r a n t e .  N O U S  p e n s o n s  q u e  

c e t t e  d e r n i G r e  p o s s i b i l i t 6  e s t  t r & s  p e t i t e .  

L e  f a i t  q u e  l e s  m a s s e s  f i n a l e s  d e  l a  p l u p a r t  d e s  g l o b e s  d e  

f e u  s o i e n t  p e t i t e s ,  a a p p o r t ;  u n  s u p p o r t  A n o t r e  a f f i r m a t i o n  q u e  

c e s  g l o b e s  s o n t  d i f f d r e n t s  d e s  m 6 t g o r i t e s .  L ' a b s e n c e  p r e s q u e  

t o t a l e  d e  g r a n d e s  m a s s e s  p e n d a n t  5 a n s  d a n s  l e  P r a i r i e  N e t w o r k  

f a i t  p l a n e r  u n  d o u t e  s 6 r i e u x  s u r  l e  f l u x  d e s  t o m b g e s  d e  mgtgo-  
r i t e s  q u e  n o u s  a v o n s  p r g d i t .  Nous a v o n s  n o t 6  q u e  t r o i s  e f f e t s  

p h y s i q u e s  t o u t  2 f a i t  d i f f e ' r e n t s  - c h o c  t h e r m i q u e ,  a b l a t i o n  e t  

f r a g m e n t a t i o n  p a r  p r e s s i o n  - p e u v e n t  p r o d u i r e  d ' i m p o r t a n t e s  v a -  

r i a t i o n s  e n t r e  les f l u x  d u  n o m b r e  e t  d e  l a  m a s s e  d e s  m & t & o r i t e s  

e n  d e h o r s  d e  1 ' a t m o s p h ; r e  e t  s u r  l e  s o l ,  e t  n o u s  p e n s o n s  q u ' i l  

e s t  i m p o s s i b l e  a c t u e l l e m e n t  d ' e x t r a p o l e r  r a i s o n n a b l e m e n t  l a  

d i s t r i b u t i o n  o b s e r v 6 e  p o u r  o b t e n i r  c e l l e  d a n s  l l e s p a c e .  
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FIREBALLS AND THE PHYSICAL THEORY OF METEORS 

Richard  E. McCrosky and Zdenkk Ceplecha 

1 INTRODUCTION 

Informat ion  avai lable  f r o m  m e t e o r  photographs,  together  with present  

knowledge of the physics  of m e t e o r  phenomena, is insufficient to de te rmine  

uniquely the physical p a r a m e t e r s  that  desc r ibe  a meteoroid.  

solutions consis tent  with the da ta  here tofore  avai lable  extends f r o m  low- 

densi ty  me teo ro ids  whose s t ruc tu re  h a s  min ima l  integri ty  ( Jacchia ,  1955; 

Jacchia  e t  al . ,  1967) to meteoro ids  whose s t r u c t u r e  may be similar to  that 

of s o m e  chondri t ic  me teo r i t e s  (Allen and Baldwin, 1967; Jones and Ka i se r ,  

1966). 
new va r i ab le s  in the c l a s s i c a l  equations.  

f ragmentat ion,  frothing, o r  t h e r m a l  shock - a r e  not in themselves  l imi ted  

by any known p a r a m e t e r s  of the meteoro id  and thus provide sufficient 

leeway to explain a lmos t  any of the observed phenomena among fa in te r  

m e t e o r s .  

exp res sed  i n  t e r m s  of the bulk densi ty  of the meteoro id  m a t e r i a l .  

Jacchia  e t  al. (1967) cons ider  th i s  to  be a f r e e  p a r a m e t e r  to  be de te rmined  

by the observa t ions ,  while the o the r s  accept ,  a pr ior i ,  a density and s t r u c t u r e  

of m e t e o r i t i c  s tone.  A resolut ion of th i s  problem thus contains a n  answer  

to  the quest ion of whether  o r  not t he re  ex i s t s  in the s o l a r  s y s t e m  m a t e r i a l  

of g r o s s l y  different  s t r u c t u r e  than that r ep resen ted  in our  me teo r i t e  col-  

lect ions.  A cometa ry  s o u r c e  f o r  many m e t e o r s  is indisputable.  

accepted mode l  of a comet  (Whipple, 1951) pred ic t s  low-density meteoro ids .  

A cometa ry  or ig in  has  a l s o  been suggested f o r  me teo r i t e s  (Opik, 1966), 

although perhaps  the a s t e r o i d s  r ema in  a m o r e  popular source .  

The  range of 

The  s u c c e s s  of all these  models  r e s t s  on the introduction of some  

These  var iab les  - progres s ive  

The  bas i c  difference in approach  of the above au thors  can be 

The general ly  

This  work was supported in p a r t  by g r a n t  NGR 09-015-004 f r o m  the National 
Aeronaut ics  and Space Adminis t ra t ion.  
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The purpose of this  paper  is  to  invest igate  the new observa t iona l  m a t e r i a l  

of very  br ight  m e t e o r s  provided by the P r a i r i e  Network and to der ive  additional 

cons t ra in ts  on the m e t e o r  theory  o r  on the s t r u c t u r e  of the meteoro id .  

Although we cannot reso lve  the quest ion of the or ig in  of m e t e o r i t e s  wi th  the 

new information, we can  i n c r e a s e  o u r  confidence in the low-density in t e r -  

pretat ion of a significant p a r t  of the f a in t -me teo r  data .  

In Section 2 we review the c l a s s i c a l  single-body theory  and point out its 
I n  Sect ion 3 we invest igate  v a r i a -  m a j o r  uncer ta in t ies  and inconsis tencies .  

t ions on the c l a s s i c a l  theory when a meteoro id  ab la tes  by fragmentat ion.  

W e  will consider  six mode l s  of f ragmentat ion,  including reviews of t h ree  

models  proposed by o the r s  t o  explain the anomalous dece lera t ion  observed  

in faint m e t e o r s .  

previous suggest ions a r e  applicable to  small bodies only and that  they can- 

Our p r i m a r y  concern  h e r e  is t o  demons t r a t e  that all 

not be important  f o r  the m u c h  l a r g e r  objects  now under  observat ion by the 

Prairie Network. We will a l s o  outline, and d i sca rd ,  a new suggest ion to 

explain the apparent  low dens i t ies  of m e t e o r s  of any s ize .  

In Section 4 ce r t a in  Harvard-Smithsonian da ta  on photometr ic  and 

dynamic masses of me teo ro ids  are presented  and compared.  

in te rpre ta t ions  of these r e su l t s  are summar ized .  

The var ious 

An independent ana lys i s ,  i n  Section 5, of the t e r m i n a l  (dynamic)  m a s s e s  

of Prairie Network f i r eba l l s  i s  used to s t rengthen  the suggest ion that  t hese  

objects  have l i t t le  s t r u c t u r a l  integri ty .  

the disrupt ive f o r c e s  in the a tmosphe re  tha t  influence the  number d is t r ibu t ion  

of me teo r i t e  masses. 

W e  conclude with a d iscuss ion  of 
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2. THE SINGLE-BODY THEORY 

The  dece lera t ion  and m a s s - l o s s  equations governing the m e t e o r ' s  

t r a j e c t o r y  a r e  conventionally wr i t ten  in the f o r m  ( s e e  l i s t  of symbols )  

Equation ( 2 )  is der ived  f r o m  the conceptually pleasing but unproved assumpt ion  

that  m a s s  l o s s  is proport ional  to  the energy  f l u x  to the body. 

the adequacy of the re la t ion  l a t e r .  

a f t e r  a preheat ing per iod when the t e m p e r a t u r e  of the sur face  i s  r a i sed  to a 

value tha t  pe rmi t s  ablation. 

f l u x  avai lable  f o r  the heating o r  for  the ablation i s  given by 

We wi l l  defend 

In any case ,  equation ( 2 )  i s  valid only 

At any t ime ,  a c o r r e c t  express ion  f o r  the energy  

where  the in t eg ra l  is  to be taken over  the su r face  S, and IT 

Boltzmann constant .  

equation proper ly  re f lec ts  i ts  unimportance f o r  any conceivable m a t e r i a l  

(T  < 3000°K) when the t e r m  is compared  with the probable energy f l u x  

( A  > 0. 01) on the  meteoro id  during m o s t  of i ts  luminous t r a j ec to ry .  

is the Stefan-  R 
The neglect of the radiat ion t e r m  in the usual  m a s s - l o s s  
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A complete expres s ion  f o r  the dece lera t ion  equation can  be wr i t t en  as 

(4) md V + r R p v 2 - m d g c o s ~  R + f ~  d w = o  . 

The gravi ty  t e r m  i s  negligible except  during the e a r l i e s t  portion of the 

t r a j ec to ry .  

f o r m a l  express ion  f o r  the  momentum t r a n s f e r r e d  to the body by the ablated 

m a t e r i a l ,  where  w is the velocity of the ablation products  with r e spec t  t o  

the me teo r ,  and -1 5 f 5 1 is a p a r a m e t e r  descr ib ing  the anisotropy of the 

ablation. The e x t r e m e  values of f are in f o r c e  when all m a t e r i a l  l eaves  with 

the velocity vec tor  opposite to  o r  in the s a m e  d i rec t ion  as the m e t e o r  velocity 

vector .  F o r  i so t ropic  ablation, f = 0 .  The posit ive values of f (the " r e v e r s e -  

rocket"  effect)  have been found to  be small o r ,  a t  mos t ,  comparable  with the 

first t e r m  in  the d r a g  equation (Levin,  1961) .  

It wi l l  be ignored throughout this  p a p e r .  The last t e r m  i s  a 

With sufficient knowledge of the meteoro id  and the m e t e o r i c  p rocess ,  

e i t h e r  equation (1) o r  (2), toge ther  with the usual  observations,  could be 

used to  de te rmine  the m a s s  of the meteoroid.  Since we do not have this  

knowledge, some  additional observa t iona l  da ta  are requi red .  Meteor  s p e c t r a  

demonst ra te  tha t  essent ia l ly  all the luminosity is produced by m e t e o r i c  a toms,  

and th i s  suggests  that  the m e t e o r  intensity I i s  proport ional  to  the r a t e  of mass 

10s s by vaporization: 

1 c m  . 
V 

The vaporization m a s s  l o s s  m 

term in equation (2 ), which m a y  include loss  of molten o r  sol id  m a t e r i a l  a s  

wel l  a s  vapor. The single-body theory a s s u m e s  that m = m and we wi l l  

impose that condition now and in Section 3 . 4  treat one c a s e  where  

m +li? 

m e t e o r s  

of the f o r m  

i s  not necessa r i ly  equivalent to the m a s s - l o s s  
V 

V d' 

The relat ionship (5),  based  on observat ions of re la t ive ly  br ight  d '  V 

( -  1 0  < M < - 2 ) ,  has  evolved t o  an  expl ic i t  luminos i ty-mass  law 

4 



T 
0 .  n 
2 v  I = - m  V . 

If the observat ions give intensity and velocity a s  a function of t ime,  a 

photometric mass (indicated by the subscr ip t  p) can be determir,ed f rom 

t 

Lend 

The limit tend is general ly  taken to be the end of the luminous t ra jec tory .  

In wri t ing equation ( 7 )  we have t a c i t l y  a s sumed  that the en t i re  meteoro id  mass  

is vaporized. 

expected, the photometr ic  mass is a lower  l imi t  to the t rue  mass. 

commonly used, this  luminosity equation is at best  a rough approximation. 

The f o r m  of the equation is s imple  not because i t  r ep resen t s  a s imple process  

but r a the r  because the  available observat ions made  of a n  ex t remely  complex 

p rocess  are sufficient t o  define it in only gene ra l  terms. Certainly the body 

s ize ,  the air density,  and the meteoro id  composition play a role  in  de t e r -  

mining the luminosity,  and it is inconceivable that  the effect of velocity can 

real ly  be descr ibed  by a s imple exponent.  

n and the luminous eff ic iency T cannot ye t  be specified with g r e a t  precis ion,  0’ 
a m o r e  complex formulat ion can be justified only i f  new types of observat ions 

or  m o r e  information on the physical p rocess  becomes available.  

Since some  t e rmina l  mass (unvaporized remnants )  i s  to  be 

Though 

But s ince the p re sen t  unknowns, 

The preceding defense of the simple approach  to  the luminosity problem 

requ i r e s  a rebuttal .  

m e t e o r  mass, is known t o  be incomplete i n  t h r e e  respec ts :  

The init ial  s ta tement ,  re la t ing the intensity to  the 

(A) The  s p e c t r a l  observat ions that  f o r m  the observat ional  bas i s  fo r  

equation (5)  a r e  of very  much br ighter  m e t e o r s  than many of the photo- 

graphic  objects  analyzed by m e a n s  of equation (6) .  Although it m a y  be t r u e  
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that  these  fainter  m e t e o r s  behave in the s a m e  fashion, t h e r e  is  as yet  no 

observat ional  evidence to  ver i fy  this.  

(B) Meteor  s p e c t r a  at t i m e s  show g r o s s  changes in the level  of radiat ive 

excitation over  the me teo r  t ra jec tory .  

T~ does not a l s o  vary  along the t,rajectory. 

dependent on the air density,  might be justif ied.  

It is unlikely that the supposed constant 

An additional t e r m ,  possibly 

( C )  Meteor  f l a r e s  r e p r e s e n t  an abrupt  quantitative change in the to ta l  

me teo r  luminosity.  

ating species .  

i s  probably appreciably higher than in the region preceding the f l a r e .  

then the intensity is somet imes  dependent on m o r e  than the f irst  power of 

m in equation (6) .  

They often a l s o  display a qualitative change in the radi-  

The luminous efficiency of a f l a r e  where Ca I1 is predominant  

Pe rhaps  

V 

In the following pages, we make  the specif ic  assumpt ions  that  the preceding 

inconsis tencies  and doubts can  be ignored in any " f i r s t -o rde r "  theory  and that  

the photometric m a s s ,  as defined, is a good representa t ion  of the ac tua l  

meteoroid mass. In justifying this  approach we note that  t he re  a r e  many 

m e t e o r s  of intermediate  br ightness  ( s m a l l - c a m e r a  m e t e o r s ,  M = -5 )  for  

which the observed  intensity and velocity ove r  the en t i r e  t r a j ec to ry  can  be 

wel l  represented  by the c l a s s i ca l  theory if  it is a s sumed  that  m 

The fi t  i s  obtained by making the appropr ia te  choice of only two parameters".  

that  remain  constant ove r  the t r a j ec to ry  and that maintain reasonably similar 

values f r o m  m e t e o r  to  me teo r .  These  p a r a m e t e r s ,  u and K, a r e  der ived 

f r o m  equations ( l ) ,  ( 2 ) ,  and (7)  and a definition of the f ronta l  a r e a  as 

- 
p - md' 4. 

2 1 3  - 2 1 3  
Pm A = Am 9 

whcre  A is the shape factor .  Expres sed  in terms of the observable  quantit ies,  

.L ... 
' T h e  velocity exponent n of equation (6)  is of minor  importance fo r  any given 

m e t e o r  s ince the change in velocity along the t ra jec tory  is usually small. 
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and 

where  f o r  convenience we have now dropped the subsc r ip t s  on m. 

ent ia l  equations represent ing  the m e t e o r ' s  motion a r e  then 

The differ-  

and 

so  that  

The integrated f o r m  of equation (12) can  be used to  predict  a t e rmina l  mass 

2 '  m2 that  r ema ins  a f t e r  the init ial  mass  m has  dece lera ted  t o  a velocity V 1 
where  ablation c e a s e s .  

The s u c c e s s  of the c l a s s i ca l  theory f o r  even a l imited number  of objects 

recommends  it as a point of depa r tu re  f o r  o ther  problems.  

has  played a significant ro le  in the physical theory of me teo r s .  

de te rmina t ions  of the luminous efficiency T 

The quantity K 

Independent 

( F e )  of i ron  pa r t i c l e s  of known 0 
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mass (McCrosky and Soberman,  1963; Fr i ich ten ich t  e t  al. ,  1968; Ayers ,  

1965), 

now pe rmi t  us  to  r ega rd  T 

A and the density p, are now the least-known p a r a m e t e r s  of K .  

observed values of K,  in te rpre ted  under  the c l a s s i ca l  single-body theory,  

a r e  consis tent  with low-density s p h e r e s  o r  ve ry  highly flattened bodies 

of meteor i t ic  density.  While it is  t r u e  that th i s  resu l t  h a s  depended o n  a n  

assumption of the composition of the meteoroid,  s o m e  confirmation of the  

reasonableness  of this  assumpt ion  is provided by a few unusual m e t e o r s  of 

abnormally low values of K (Cook e t  a l . ,  1963; Verniani,  1966). In these  

c a s e s ,  if a shape fac tor  corresponding to a sphe r i ca l  me teo r i t i c  s tone 

(Pm 
observat ions is in good ag reemen t  with the values  deduced f r o m  the 

var ious i ron-par t ic le  exper iments .  

together with a n  assumpt ion  on the i r o n  abundances of meteoro ids ,  

as relat ively we l l  known. T h e  shape fac tor  
0 

The 

2 = 3 .  5 g / c m  ) is assumed,  the luminous efficiency der ived  f r o m  the 

Had the h is tory  of m e t e o r  physics proceeded along the l ines  we have 
descr ibed ,  i t  would s e e m  that single-body theory  and low-density meteoro ids  

would have become de r igueur .  

(Jacchia ,  1955) obtained with the Baker  Super-Schmidt  m e t e o r  c a m e r a s  in 

the 1950s (before  the question of the luminous efficiency w a s  fully reso lved)  

showed that outlandish depa r tu re s  f r o m  single-body theory  w e r e  common in 

these  objects.  

a t tempts  to  recons t ruc t  an adequate theory.  One group, p r imar i ly  the 

Harvard-Smithsonian contingent, proposed only to adjust  the theory  f o r  

small bodies and t o  accept  as c o r r e c t  the apparent  single-body behavior of 

the s m a l l - c a m e r a  me teo r s .  Another group, compr ised  of a lmos t  everyone 

e l s e  in the field,  viewed the Super-Schmidt  r e su l t s  as a possible symptom of 

a fatal  e r r o r  in the en t i r e  theory  and consequently undertook the far m o r e  

difficult t a sk  of rewri t ing the m e t e o r  theory in t e r m s  of new physical  concepts.  

It h a s  been a gene ra l  pract ice  in these  a t tempts  to  introduce the simplifying 

assumption that meteoro ids  a r e  similar in s t r u c t u r e  to  me teo r i t e s .  

f o r  some such assumpt ion  is understandable s ince the models  depend on the 

bulk behavior of the ma te r i a l .  

seem to imply) that t he i r  models  have additional m e r i t  because a n  explanation 

In fact ,  the ana lys i s  of faint  m e t e o r s  

Two dis t inct  approaches  can  be recognized in  the ensuing 

The need 

Some authors  s ta te  explicit ly (and o the r s  
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is made  on the bas i s  of a meteor i t ic  s t ruc tu re .  We consider  this conclusion 

unwarranted.  

s t ruc tu re  is too impor tan t  t o  resolve by hypothesis. 

f a c t  low-density material, the i r  physical  cha rac t e r i s t i c s  e i ther  cannot 

o r  need not be similar to  those of meteor i tes .  If e i the r  is the case ,  the 

high-density model  is e r roneous  and m u s t  fail. 

The  quest ion of th,e exis tence of another  kind of meteoro id  

If meteoro ids  a r e  in 

It appea r s  that  no group has  sufficiently compelling a rguments  t o  convert  

its opponent. 

fa in t -meteor  explanations to  the l a r g e r  bodies observed  by.smal1 c a m e r a s .  

In the following two sect ions,  we will  a t tempt  to extrapolate  these  new models 

to the c a s e  of ex t remely  la rge  bodies and to  demonst ra te  t he i r  fa i lure  by 

observat ions made  on bright f i reba l l s .  

The stumbling block is invariably in the extrapolation of the 
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3 .  VARIATIONS IN THE SINGLE-BODY THEORY AND THEIR 

E F F E C T S  ON LARGE AND SMALL BODIES 

3.1 P r o g r e s s i v e  Fragmenta t ion  

The  na ture  of the so-cal led fa in t -meteor  anomaly is adequately descr ibed  

e l sewhere  (Jacchia ,  1955). In br ief ,  it w a s  found that the dynzmic mass 

dec reased  far m o r e  rapidly than the photometr ic  mass as the m e t e o r  pro- 

g r e s s e d  along its t r a j ec to ry ,  giving the appearance  of a decreas ing  meteoroid 

densi ty  with increasing t ime.  

r a the r  than a physical, nature  cannot explain the anomaly. 

t r e a t s  the en t i r e  body of data  as a s ta t i s t ica l  sample  r a the r  than investigates 

the effects observed  in a n  individual m e t e o r  may be subject to this objection 

because m e t e o r s  of ident ical  mass and velocity may produce great ly  different 

anomalies .  An adequate theory,  therefore ,  m u s t  pe rmi t  an  uncertainty o r  

variabil i ty in  the physical  p rocess  that produces the anomaly. 

(1960, 1961) proposed that the anomaly be removed by assuming that  the lumi- 

nous efficiency depends on the a tmospher ic  density.  

m e t e o r  can  be made  to obey the new theory,  but m o s t  m e t e o r s  wil l  r ema in  

anomalous.  F u r t h e r m o r e ,  bright m e t e o r s  that  previously followed the 

c l a s s i ca l  theory  will,  when analyzed under  the rev ised  theory,  now show a 

s t rong  anomaly of the opposite sense .  

Changes in the bas ic  theory of a "mathematical ,  

Any method that 

Ananthakrishnan 

In this way, the "average" 

J a c c h i a ' s  o r ig ina l  suggest ion of a p rogres s ive  fragmentat ion of the 

meteoro id  into a n  eve r - inc reas ing  number  of f r agmen t s  explains wel l  the 

dece lera t ion  anomaly. 

progress ive  fragmentat ion in the index x. 
such  as t e r m i n a l  blending, a r e  s t rongly co r re l a t ed  with x. 
that  the crumbling is p r imar i ly  a sur face  phenomenon whereby small f ragments ,  

perhaps  nea r ly  commensura t e  with the fundamental  "building- block" s i z e  in  a 

porous s t ruc tu re ,  are detached. If the s a m e  kind of f ragmentat ion occurs  in 

His r e su l t s  included a m e a s u r e  of the degree  of 

Visible f o r m s  of f ragmentat ion,  

Jacchia  proposed 

l a r g e  and small bodies,  the effect  on dece lera t ion  wil l  be increasingly apparent  

as body s i z e  d e c r e a s e s .  L a r g e  bodies will  approach  the c l a s s i ca l  behavior.  
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We a r e  not aware  of any se r ious  d iscrepancies  between this explanation 

and observat ions.  

interpretat ion because of the occur rence  of m e t e o r s  with x < 0, "unfragmenting" 

me teo r s .  

a r e  other  invest igators .  

e i t he r  a body that  ablates  to a m o r e  s t r eaml ined  f o r m  o r  of a porous body 

that  col lapses  during the mel t ing  p rocess .  

appropr ia te  f o r  f i reba l l s ,  a r e  d iscussed  in Sect ion 4. 

can  f o r e s e e  some  difficulties with Jacch ia ' s  mode l  if the su r face  of the 

meteoro id  has  time to inc rease  its s t rength because of mel t ing and subse-  

quent f reez ing  of mol ten  m a t e r i a l  i n  the in te rs t ices .  

Allen and Baldwin (1 967) have questioned Jacch ia ' s  

As  o b s e r v e r s  we a r e  perhaps l e s s  d i s t r e s sed  by these  c a s e s  than 

We note,  though, t ha t  x < 0 is the expected result of 

Other  causes  of negative x , 
On the other hand, we 

3. 2 Frothing and Sloughing 

Allen and Baldwin's (1 967) proposal  that  a deceptively low-density object 

i s  produced f r o m  a high-density sou rce  by forming a she l l  of solidified f ro th  

is par t icular ly  appealing s ince  they have demonst ra ted  the possibil i ty by 

d i r ec t  experiment .  

but a lso,  if f ro th  f ragments  f r o m  the body, pred ic t s  t e r m i n a l  blending, f lar ing,  

and all the o ther  aspec ts  of m e t e o r s  usually a t t r ibuted to  f ragmentat ion of a 

f r ag i l e  body. 

the froth.  

proposed to e l iminate  the anomaly in s m a l l - c a m e r a  m e t e o r s .  

This  model  not only explains the apparent  low density 

The  fa in t -meteor  anomaly is produced by a s teady  inc rease  in  

Increased  vaporization and sloughing of f r o t h  in  l a r g e r  bodies a r e  

Allen and Baldwin indicate that they encountered some  difficulty in main-  

taining the integrity of the f ro th  in the i r  well-controlled labora tory  exper i -  

ments .  The i r  inability to  approach  the dynamic o r  t h e r m a l  loads m e t  by a , 

natura l  me teo r  s t i l l  remains  a m a j o r  question in determining the applicabili ty 

of t he i r  p rocess  t o  the m e t e o r  phenomena. 

paper ,  Baldwin and Allen (1968) extrapolate  f r o m  a t e s t  made  on a 30-g sample  

with heating r a t e s  comparable  to a 1 5 - k m / s e c  m e t e o r  at a n  alt i tude of 98 km 

to what might be expected of a 1-g  meteoroid of the same velocity a t  an  alt i tude 

of 86 km. 

c r e a s e  in the apparent  density wil l  then occur  a f te r  3 .  6 s e c  of heating. 

In a n  example quoted in a second 

They conclude that  f rothing sufficient to produce a significant de- 

Of 
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course ,  1-g m e t e o r s  do not have this long a l ifetime. 

me teo r  first becomes luminous at about 80 k m  o r ,  fo r  most  zenith angles of 

the radiant,  l e s s  than 1 s e c  a f te r  passing the 86-km level.  

that ,  i f  frothing is to be significant, mos t  of the process  must  occur  a f te r  

the onset  of luminosity and in a region where  the dynamic load - and the 

t h e r m a l  load - on the f ro th  will  be near ly  2 o r d e r s  higher than those 

cha rac t e r i s t i c  of the labora tory  experiment .  F o r  many  P r a i r i e  Network 

f i reba l l s  (height about 40  km) ,  the  aerodynamic loads a r e  2 m o r e  o r d e r s  

higher.  These  bodies may  have ablated to  a s i ze  where  the frothing p rocess  

may  again play some  role,  but the environment  m u s t  be ex t remely  hosti le to  

the frothing phenomenon. 

The average  15 -km/sec  

It would appear  

- 

F r o t h  on me teo r i t e s  is v e r y  r a r e .  The exception is the Sputnik 4 s tee l  

f ragment ,  which contains about 10 to 15% of i ts  mass in porous i r o n  drople t s  

(Marvin,  1963). However,  the low velocity and the tangential en t ry  provided 

the long heating period and the low aerodynamic p r e s s u r e  that are  conducive to 

accumulating frothing. 

3 .3  Fragmenta t ion  by T h e r m a l  Shock 

Jones and Ka i se r  (1966) have suggested that  t h e r m a l  s t r e s s e s  in stony 

objects can, fo r  sufficiently l a rge  bodies,  produce m a j o r  f rac tur ing  before 

o ther  f o r m s  of ablation become appreciable .  If th is  is the case ,  J acch ia ' s  

concept of p rogres s ive  fragmentat ion in  a weak s t ruc tu re  i s  unnecessary.  

To  invoke these  t h e r m a l  fo rces ,  the au thors  demonst ra te  that  a s t rong  

t h e r m a l  gradient  wil l  ex is t  in m e t e o r s  of radius R 2 0. 1 cm.  

that  the heating of the body proceeds as though the meteoro id  w e r e  plunged 

into a hot bath, they show that the t h e r m a l  s t r e s s e s  at the center  of a spher ica l  

meteoro id  wil l  exceed the tens i le  s t r eng th  and therefore ,  they p resume ,  the 

body wil l  f ragment .  However, t h e i r  approach  omi ts  f r o m  considerat ion 

s e v e r a l  f ac to r s  of impor tance  f o r  bodies of R >> 0. 1 cm.  

proposed heating mode  ignores  abiation and has  assoc ia ted  with it a t ime 

constant that  m a y  be ve ry  l a r g e  compared  with the duration of a m e t e o r  event. 

The max imum s t r e s s e s  fo r  s tones of 10 -cm radius  a r e  reached only a f te r  the 

Assuming 

F o r  example,  the 
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object has been i m m e r s e d  in the bath f o r  near ly  a half hour! 

following sect ions that,  i n  the reg ime of l a r g e  R,  t h e r m a l  f r a c t u r e  should 

not be expected and, therefore ,  that  f ragmentat ion of th i s  na ture  is a l s o  

size-dependent and cannot be important  f o r  many Prairie Network objects  

if they a r e  homogeneous s tones.  

first during the preheating period and then during the ablation period. 

in Section 3 we wil l  investigate ablation by the spal la t ion assoc ia ted  with 

t h e r m a l  shock. 

We show in the 

We wil l  cons ider  the the rma l - shock  problem 

Later 

3 . 3 . 1  T h e r m a l  s t r e s s e s  during the preheating period of a meteoro id  

We a s s u m e  a spher ica l  meteoro id  of radius  R composed of a homo- 

geneous mater ia l .  

puted according to  the fo rmulas  of Timoshenko and Goodier (1951, p. 418, 

formulas  (252)) :  

The t h e r m a l  s t r e s s e s  in the solid m a t e r i a l  can be com- 

The positive values of 

to  compression.  If the t empera tu re  T is given as a known function of r, the 

integrals  can be evaluated and the s t r e s s e s  computed. Here  P is the s t r e s s  

along the radial  direct ion and n the s t r e s s  in any d i rec t ion  perpendicular  to  

the radius vector  of the sphe r i ca l  meteoroid.  

and Il correspond to  tension, and the negative values,  

- 
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The problem of heating a meteoro id  with R 1 c m  during the first 

nonablation pa r t  of the t r a j ec to ry  can be solved if radiation cooling is ne- 

glected.  This  solution can  be used f o r  d i r ec t  computation of and n .  Only 

the s t a r t i ng  equations and the solution are given here .  

a meteoro id  during the preheating period is given by the following se t  of 

equations : 

The t empera tu re  of 

T o  ’ (15) T(t, r )  = T - 

3 
(17) X (E) - - - n p v  , 

r = R  8 

(18) T ( -  00, r )  = 0 , 

T (t,  0 )  = finite value . (1 9 )  

The ac tua l  velocity V in equation (17) can be substi tuted d i rec t ly  by V 

the no-a tmosphere  velocity, because the  change of velocity of such  l a rge  

bodies during the preheat ing period is negligible. Equation (17) contains 

a numer i ca l  fac tor  8, which r ep resen t s  the e x t r e m e  assumption of omni- 

d i rec t iona l  heat flow t o  the su r face  of the meteoroid.  

0O’ 

The solution of equations (15) through (19), der ived  by Ceplecha and 

Padevet  (1961), is 

- W r  - e  W r  R T  (R)  e 
WR -WR r ( 2 0 )  T =  1 

e - e  
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where  

1 /2 (b  cos  Z V ) 
R o o  
P (21) W =  9 

and 

If we substi tute equation (20) into equations (13) and (14), the resul t ing 

s t r e s s e s  a r e  

2 a  E T ( R )  F(WR) - F(Wr)  
1 - v  G(WR) 

P(r) = 9 (23) - 

a E  T ( R )  2 R F ( W R )  t r F ( W R )  - RG(Wr) 
(24) n ( r )  = 1 - RG (WR) > 

where  the functions F and G a r e  defined as 

X - ( e  - e - X )  x ( e  t e  ) 
X -X 

3 (25) F(x) = > 

X 

X - X  c - e  
X 

(26) G(x)  = 

F o r  a meteoroid with given velocity and m a t e r i a l  constants ,  W is given by 

equation (21). 

sur face  t empera tu re  T ( R )  is reached.  

in equations (23) and (24), we can compute the t h e r m a l  s t r e s s e s  - P and Il at 

any place in the meteoroid.  

Equation ( 2 2 )  then yields the  air density p at which the 

If equation (21) f o r  W is substi tuted 

16 



We now s e a r c h  fo r  ex t r eme  values of s t r e s s e s .  Inspecting equation ( 2 3 )  

we s e e  tha t  during the whole preheating period of a meteoroid 

positive inside the body ( r  < R )  and z e r o  a t  r = R .  

function P ( r )  d e c r e a s e s  as r i n c r e a s e s ,  and thus the maximal  radial tension 

is always at the cen te r  of the meteoroid.  If the body is sufficiently l a rge ,  the 

tension is pract ical ly  the same in the g r e a t e r  par t  of the in te r ior  and the drop  

to  z e r o  tension takes  place in a thin su r face  shell .  

is always 

It is a l so  evident that  the 

- 

On the other  hand, i f  we inspect  equation (24),  the tangential  s t r e s s  I7 can 

be both positive and negative inside the body. On the sur face  of the meteoroid,  

n ( R )  is always negative; i. e .  , tangential  compress ion  on the sur face  is always 

present .  

the max imum tangential  compress ion  is always on the sur face  and niaximum 

tangential  tension is at the center  of the meteoroid.  

fo r  sufficiently l a rge  bodies, n ( 0 )  = - P( 0) .  

It is evident that  the function Il ( r )  d e c r e a s e s  as r i n c r e a s e s ;  thus 

It is a l so  evident that 

Thus the e x t r e m e  s t r e s s e s  of a meteoro id  during the preheating period 

can be computed by substi tuting the limits on r i n  equations (23) and (24): 

2a  E T ( R )  F ( W R )  - 2 / 3  (27) 

G ( W R )  
Maximum tension = P ( 0 )  = - 1 - v  

2 E T ( R )  G(WR) - 3 F ( W R )  
1 - v  

(28) 

G ( W R )  
Maximum compress ion  = n(R)  = - 

If we subst i tute  into equations (27) and (28) the values of the tens i le  and 

the compress ive  s t r eng ths  (S t, Sc) of the meteoro id  ma te r i a l ,  we can obtain 

the su r face  t e m p e r a t u r e  

f r a c t u r e  ( T  = c r i t i ca l  t empera tu re ) .  A t  th i s  point, some s o r t  of f ragmentat ion 

may  be expected. 

compress ive  s t rength,  the heating that  follows will  resu l t  in sur face  f r ac tu re ,  

which m a y  be accompanied by some spall ing of small chips f r o m  the surface.  

at which the s t r e s s  is rel ieved by su r face  o r  in te rna l  

C 

When the su r face  of the meteoro id  m a t e r i a l  reaches  the 

17 



Surface  cra’cks alone, without spallation, could a l s o  re l ieve  the induced 

compress ive  fo rces .  

center ,  the heating that  follows would cause a n  internal  f r ac tu re ,  which 

could e i ther  immediately break the body into s e v e r a l  pieces ,  o r  break it 

l a t e r  when the c r a c k s  r each  the su r face  by any s o r t  of su r f ace  ablation, o r  

weaken the body sufficiently f o r  aerodynamic fo rces  t o  complete  the 

f r ac tu r ing  process .  

When the m a t e r i a l  reaches  the tens i le  s t rength  at its 

Equations (27) and (28) w e r e  evaluated with P(0)  = St and Il ( R )  = S 
C’ 

with stony and i ron  compositions of me teo ro ids  of different  rad ius  R,  with 

different  velocit ies V (15, 30, and 60 k m / s e c ) ,  and with a choice of A 
(1 ,  0. 1 ,  0. 01) and cos Z (1, 0. 1 ,  0. 01).  Some of the bas i c  r e su l t s  

a r e  presented in F igs .  l a  and l b ,  where  the resul t ing c r i t i ca l  t e m p e r a t u r e  

T is plotted against  log R.  The  c r i t i ca l  air density a t  which the m a t e r i a l  

s t rength is reached 

- 

R 

C 

is plotted against  log R in Figs .  2a  and 2b. 

The numer ica l  values,  in cgs  units, of the  o ther  p a r a m e t e r s  used a r e  

-6  v = 0.25, b =  1 . 6  X 10 , T o  = 2 8 0 ° K  , 

Stone: X =  3 X 10 5 , pm = 3.5,  c = 10 7 , 

Iron: X = 3 X 10 6 , p, = 7 . 6 ,  C = ~ X  10 6 , 

a = 1 . 5 > (  1 0  - 5  , E z l . 7 ~  10 12  , S t = 8 X  10 9 , S = l . 5 X  10 10  
C 
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Resul ts .  We can  define a ce r t a in  l imit ing rad ius  R of the spher ica l  lim 
meteoro id  f o r  which the compress ive  s t r e s s  at the su r face  and the tens i le  

s t r e s s  a t  the cen te r  are both equal  t o  the  corresponding s t rength  of the 

ma te r i a l .  

a t  the sur face ,  which m e a n s  that no internal  f r a c t u r e  is possible. 

R < Rlima the s t rength  of the m a t e r i a l  is always reached a t  the cen te r  of the 

body. 

5 

F o r  all R > Rlim, the s t rength  of the m a t e r i a l  is always reached 

F o r  all 

The c r i t i ca l  t empera tu re  T can  be defined as the t empera tu re  a t  which 
C 

the m a t e r i a l  s t rength  of the meteoro id  is reached. 

lim' c C 
and R > R 
e t e r s  used).  F o r  a stony meteoro id  and R < Rlim, T d e c r e a s e s  rapidly with 

decreas ing  R. 

which had not been taken  into account when the fo rmulas  w e r e  der ived.  

F o r  a stony meteoro id  

T is a lmos t  constant (T  6 0 0 "  C with the numer ica l  pa ram-  

This  could be par t ia l ly  compensated f o r  by radiat ion cooling, 

The critical t empera tu re  is dependent on only t h r e e  m a t e r i a l  constants ,  

a, E, and v ,  f o r  sufficiently l a rge  bodies (R  2 5 cm) .  

Rlim depends on all m a t e r i a l  constants and, i n  addition, on Voo and cos Z 

The  l imit ing rad ius  is independent of A. 

The l imiting rad ius  

R '  

F o r  stone,  

R *  log Rlim = 3.78  - 0. 5 log Voo - 0. 5 log cos Z 

The c r i t i c a l  air densi ty  p at which the c r i t i ca l  t empera tu re  T is 

and b: 
C C 

reached depends on material constants  and on Vm, A , cos  Z R' 

8 X d b c o s  Z 

C 
- - R T  ( 2 9 )  P C  2 . 5  

PVoo 
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F o r  stone, 

R '  log p c  = 7.29 - 2. 5 log V - log A + 0. 5 log COS Z 
00 

and f o r  i ron ,  

R '  log pc = 7.75  - 2 . 5  log v - log A +  0 . 5  log cos  z 
00 

> F o r  all i ron  meteoro ids  cons idered  h e r e  (R - 1 cm) ,  the tens i le  s t r eng th  

cannot be exceeded inside the body; 

c r i t i ca l  t empera tu re  T 

(T= = 440" C with the numer i ca l  p a r a m e t e r s  used).  

T f o r  an i ron  meteoro id  i n c r e a s e s  as the radius  d e c r e a s e s  below 10 cm. 

F o r  1 -cm radius ,  T 720°C f o r  VW= 15 k m / s e c  

= 60 km/sec .  

in te rna l  f r a c t u r e  is impossible .  The 

fo r  i ron  meteoro ids  with R > 10 c m  is a lmos t  constant  
C 

The critical t empera tu re  

C 

and T ~ =  560°C f o r  
C 

vOO 

3 .  3 .  2 S t r e s s e s  during ablation period 

If R > 1 cm,  equations ( 2 3 )  and (24) reduce  to 

Using T(R)  = 1800" C, the t empera tu re  of the solid su r face  (i. e . ,  

T(R) =: 1500"C),and W = 20 /cm,  we find f o r  the l imiting rad ius  a t  which 

in te rna l  f rac tur ing  m a y  be expected, 

< l O c m  . (31 1 Rlim 

While unequal heating of a' nonrotating body o r  excess ive  stresses caused  by 

heating an  i r r e g u l a r  body may i n c r e a s e  th i s  limit, this  s imple  calculation 

sugges ts  that  t h e r m a l  f r ac tu r ing  i s  r e s t r i c t e d  to  bodies of s i ze  between two 
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l imi t s ,  the lower limit being that determined fo r  the i so thermal  c a s e  by 

Jones and Ka i se r  (1966). 

When in te rna l  f rac tur ing  occurs ,  some  s t r a ins  a r e  relieved and the 

nature  of the problem changes.  

planes will  necessa r i ly  extend to  the su r faces .  

resu l t  in fragmentation. 

together  by a n  intact  shell .  

tude of chi ldren who have engaged in the "fried marb le"  fad - g las s  marb le s  

a r e  subjected to  sudden high t empera tu res  that produce a decorat ive in te r ior  

c r a z e  while the marb le  r ema ins  intact  and smooth. 

It i s  not obvious to us that the f r a c t u r e  

Internal  f rac tur ing  may not 

One might a s  well  expect a shat tered in te r ior  held 

This  kind of model has been verified by a multi-  

This  resu l t ,  of cour se ,  cannot be general ized to include m a t e r i a l  a s  

inhomogeneous a s  chondri tes ,  but we believe it is  indicative of the p rocess  

that may occur  during the heating of meteor i tes .  

s u r f a c e s  completely covered with a fusion c r u s t  a r e ,  of course,  quite common. 

Some of t hese  a r e  very much s m a l l e r  than Rlim = 10 cm. We suggest that 

such  bodies do exis t  because  the s t r e s s e s  were  re leased  by in te rna l  f r ac tu re .  

Meteor i tes  that  have the i r  

3.4 Ablation by Fragmenta t ion  of Small  P a r t i c l e s  

If we wish to accept  the me teo r  theory in detai l ,  some revis ions to  the 

equations a r e  necessa ry  when fragmentat ion o r  droplet  spraying i s  a signifi- 

cant  method of ablation f r o m  the parent  body. 

the f ragmenta t ion  process  is not of vi ta l  concern to us,  we can conceive of 

t h ree  possible  mechanisms:  hot m a t e r i a l  m a y  be sprayed off a s  drople t s ;  

w a r m  solid chips m a y  be c rea ted  by spallation; and cold o r  w a r m  solid f r ag -  

men t s  m a y  be detached by a p r e s s u r e  fragmentation. 

n i sms  r e p r e s e n t  c a s e s  where m # m . 
d V 

While the p rec i se  na ture  of 

These three  mecha-  

In the last instance,  the m a s s - l o s s  equation (2)  should be rewr i t ten  with 

a dependence on V2 instead of V , thus introducing a second var ia t ion in the 

theory.  Anticipating the r e su l t  of this  sect ion - that  sma l l -pa r t i c l e  ablation 

does not significantly affect  the in te rpre ta t ion  under the single-body theory - 

we now need only demonst ra te  that  the velocity dependence in equation (2)  

3 
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e i the r  is unimportant  o r ,  a t  l eas t ,  is not detectable  in  the observat ions.  A 

s e t  of equations comparable  with those of the single-body theory is readi ly  

f der ived for  mass los s  by fragmentation. A new m a s s - l o s s  p a r a m e t e r  u 

similar to u but of different physical  units,  is found to  be a n  observable  

quantity. 

t o ry  and therefore  u will  show the same  constancy as u. 

dence of these quantit ies among m e t e o r s  of different veloci t ies  will, of 

course,  differ and can, f o r  example,  lead t o  different  predict ions of the 

t e rmina l  m a s s e s  of bodies of different  veloci t ies  when equation (12) is used. 

It s e e m s  unlikely to us  that cold f ragmenta t ion  can occur  throughout the 

t ra jec tory ,  and although e i ther  f o r m  of m a s s - l o s s  equation can  be made  

to sat isfy the observat ions of s m a l l - c a m e r a  me teo r s ,  we believe the usual  

energy dependence given in equation ( 2 )  is  m o r e  rea l i s t ic .  

Me teo r s  general ly  show li t t le change in  velocity along the t r a j e c -  

The velocity depen- f 

As an  example f o r  detai led investigation of ablation by fragmentat ion,  

We wi l l  a s s u m e  tha t  we consider  a w a r m  chip spal led by t h e r m a l  shock. 

all the energy of interact ion of the meteoroid with the air is spent  in spa l la -  

tion, and hence (1)  the su r face  t empera tu re  wi l l  be constant during the ablation 

and equal t o  the c r i t i ca l  t empera tu re  T 

f ragment  is unshielded by the parent  body; and (3) the f ragment  is sufficiently 

small s o  that  fu r the r  mass l o s s  can occur  only'by vaporizat ion-  i. e . ,  e i t he r  

tensi le  s t rength o r  su r face  tension prec ludes  fu r the r  fragmentation. We 

f u r t h e r  suppose the following idealized his tory of the small chip a f t e r  its 

r e l ease .  

defined by equation (28) ;  (2) the 
C 

Initially, the f ragment  is heated through until i t  becomes a liquid a t  the 

vaporization tempera ture ,  during which t ime it i s  decelerated.  The droplet  

i s  maintained at this t empera tu re  by radiat ion and ablation cooling. 

and luminosity occur  until the energy f l u x  is balanced by radiation. 

these conditions, the t e rmina l  m a s s  of the f ragment  is  controlled by a s m a l l  

m a s s - l o s s  p a r a m e t e r  

and A, the effect ive hea t - t r ans fe r  coefficient, is l e s s  than the actual  heat-  

t r ans fe r  coefficient because of radiat ive cooling. 

t e rmina l  mass, not accounted f o r  in the photometr ic  mass, to  be l a r g e r  than 

M a s s  l o s s  

Under 

A / 2 I ' 5 ,  since 5 is necessa r i ly  the vaporization energy 

Thus,  we can  expect the 
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that  de te rmined  by the application of equation (12) where  the applicable 

value of 5 m a y  be a fragmentat ion energy o r  the heat of fusion. 

F u r t h e r m o r e ,  all the luminous energy will  be produced by a f ragment  

with a velocity l e s s  than that  of the parent  body. 

luminosity equation ( 6 ) ,  the body velocity and not the fragment  velocity has  

general ly  been used. 

be underest imated.  

m e t r i c  mass m 

resu l t  with a n  ex t r eme  f o r m  of ablation - d i rec t  vaporization f rom the 

s u r f a c e  of a meteoroid.  

fo r  differences in the hea t - t r ans fe r  coefficient A between a vaporizing body - 
with the attendant shielding - and a spalling body, and f o r  differences in  A 
between the l a rge  parent body and the small f ragments .  We ignore these 

effects and use A = 1 throughout. In so  doing, we grea t ly  exaggerate  the 

spa11 r a t e  and therefore  have an upper l imi t  to the discrepancy we would 

expect. 

In the application of the 

Thus,  the photometric mass of the f ragment  will  a l s o  

To obtain some es t ima tes  of the e r r o r s  in the photo- 

resul t ing f rom the var ious effects,  we will  compare our  
P 0 

A proper  t rea tment  of the problem would allow 

Ablation by spal la t ion can be represented  by the following different ia l  

equations : 

- - -  dR - '" wL , dm = 45r pm R2 dR , dt WR - 1 (32 1 

R '  
* = b p V c o s Z  
dt (33) 

F o r  init ial  values  ( t  = 0 at T = T )>  we take R = the init ial  radius,  p , and Vc. 
C C 
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These equations w e r e  solved numerical ly  f o r  stony meteoro ids  of different 

R and V W .  

one integration s t e p  dt is a s sumed  to be spal led in f ragments  of equal  dimen- 

s ions.  

neglected here .  

ments  in one integration in te rva l  dt i s  computed f r o m  

The m a s s  lo s s  corresponding to the d e c r e a s e  of R by dR during 

The influence of nonregular  dis t r ibut ion of the spall ing velocity is 

It i s  examined in the next section. The number of all f r ag -  

where  the subsc r ip t  f r e f e r s  to a fragment  o r  chip. 

V = 15 km/sec ,  0.007 cm f o r  30 k m / s e c ,  and 0.005 cm f o r  60 k m / s e c ,  

assuming that any l a r g e r  chips would be fragmented by t h e r m a l  s t r e s s e s .  

We use R = 0.01 c m  f o r  f 

00 

The init ial  t empera tu re  of each  chip is a s sumed  to  be T and it is then 

The heating is a s sumed  to  be i so thermal  
c’ 

heated to the boiling t empera tu re .  

for  such s m a l l  chips: 

dT 
-- 

3 dt t u R ( T ~  t To)4 = 8 
CRf 

(37) 

The velocity of the chip in this nonablation p a r t  of the chip t r a j ec to ry  is 

computed f r o m  

1 ’  3(Pf - Pee) 
R vf = c c  [ - 4 Rf pm b cos Z (38) 

where  Vcc and p 

where  the chip left the ma in  body. 

a r e ,  respect ively,  the velocity and air density at the point cc  
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After th i s  ini t ia l  heating, the conventional single-body theory is used 

with 5 = 8 X l o l o  e r g s / g  to  compute the evaporation, velocity, position in 

t ra jec tory ,  and light intensity of each  fragment .  The radiation cooling is 

considered in the mass- 10s s equation. 

corresponding number of chips,  we have the total  light intensity i of the 

"cluster"  of chips spal led during one integrat ion in te rva l  dt: 

Multiplying the light intensity by the 

f 3  
d t  vf * 

7 d m  
N- . o  1 = -  

( 3 9 )  2 

Comparison of theore t ica l  light cu rves  of the s a m e  object ablating by 

100% spal la t ion and by 10070 vaporization for  different m a s s e s  and velocit ies 

shows that 

(A) The discrepancy between the photometr ic  m a s s e s  dec reases  a s  the 
velocity inc reases .  

30 km/sec .  

It i s  negligible for  me teo r  velocit ies in excess  of 

(B)  The discrepancy d e c r e a s e s  a s  the me teo r  mass inc reases  and i s  
l e s s  than 10% fo r  m e t e o r s  of R 2 30 c m  f o r  all velocit ies considered.  

(C)  F o r  the ex t r eme  c a s e s  studied ( r  = 3 cm, V = 12 k m / s e c ) ,  the 

photometr ic  m a s s  of the spal la t ion c a s e  underes t imates  the t rue  m a s s  by 

33y0. As a resu l t ,  the densi ty  would be overes t imated  by about 1870, an  

en t i re ly  t r i v i a l  cor rec t ion .  

3 .5  G r o s s  Fragmenta t ion  and an  Interpretat ion of Some Super-Schmidt Meteor  
Data 

If the r e s t r i c t ion  that  the meteoroid is  a single body is removed, a 

s imple model  of the me teo r i t i c  p r o c e s s  that  follows the s p i r i t  of the c l a s s i ca l  

theory can  be der ived  to  explain the observed low density even though the 

actual  bulk density of the object i s  high. L e t  us consider  a meteoroid that has  

f ragmented into N sepa ra t e  objects,  each  of m a s s  m and f ronta l  a r e a  fl. 
The observed d rag  wil l  be tha t  of one of the objects,  whereas  the 

29 



photometric m a s s  will  equal  the s u m  of the individual f ragments .  

condition we impose i s  specified by 

The new 

m = N m d  , 
P 

and then 

where  the pr imed quantit ies a r e  those derived f r o m  the observat ions if the  

unprimed ones a r e  the t r u e  values f o r  each fragment .  

This model is not r e s t r i c t ed  to cases  of exact  division of the parent  body 

into N components. 

s i ze  and not undergo appreciable  differential  decelerat ion.  

of equations (41) and (42) wil l  s t i l l  be valid although the p a r a m e t e r  N wil l  be 

l e s s  than the number of par t ic les .  

The var ious f ragments  may be somewhat different in 

The relat ionships  

Before this model  is accepted, -we requi re  that (1) a mechanism f o r  

producing the fragmentat ion ex i s t s  and ( 2 )  some observat ions lend themselves  

to  an  interpretat ion by the model. We accept,  fo r  the moment ,  the Jones and 

Ka i se r  (1966) suggestion that t h e r m a l  shock provides the mechanism 

proceed to inspect cer ta in  JVB (Jacchia  e t  al. ,  1967) Super-Schmidt m e t e o r  

data.  

and 

The cases  chosen a r e  all those with a small p rogres s ive  fragmentat ion 

index (x 5 0. 1 )  and fo r  which a t  l ea s t  four  decelerat ion solutions a r e  tabulated. 

T h e r e  a r e  66 such meteors .  

m e t e o r s  that  general ly  conform to the c l a s s i ca l  theory. 

l a rge  number of decelerat ions a r e  usually those longer and be t te r  observed 

The condition on x limits the c a s e s  to those 

Meteors  with a 
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objects fo r  which cor rec t ions  to the "shut ter  f lutter" are wel l  determined.  

We use the  weighted average  
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-19 where  the requi red  quantit ies are given in Table 1 . 2  of JVB.  F o r  T = 10 0 
(cgs  and 0th mag)  and f o r  TA = 1 . 2 1  (appropriate  fo r  a sphere  in f r e e  

molecular  flow), we can show that 

(44 1 

The 

- 5.4 

-5.6 

-5.8 

2 log K = A log p - 5.83 = - 7 log pm - 6. 35. 

values are  plotted against  log V in  Fig. 3 .  
cb 

Fig. 3 .  J V B  m e t e o r s  with fragmentat ion index X < 0. 1 separa ted  into groups 
A and C according to  Ceplecha 's  (1 968) beginning-height c r i te r ion .  
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At first sight the observat ions sugges t  little m o r e  than  a random 

sca t te r ing  of the data.  

m e t e o r s  belong to  two dis t inct  groups.  

this sample  was  chosen have a l s o  suggested that d i s c r e t e  differences in 

s t ruc tu re  o r  density are to  be found among these  m e t e o r s .  

divided the Super-Schmidt m e t e o r s  into two groups according to t h e i r  

aphelion dis tance q' . Those  with q' > 7 a. u. have s ta t is t ical ly  g r e a t e r  

beginning heights than those  with q' < 7 a. u. Using the  s a m e  division of the  

data,  Verniani (1965) demonst ra ted  tha t  the  ave rage  value of K f o r  t hese  two 

groups shows a significant difference.  We find, in  our  m o r e  l imited sample ,  

that  32% of the m e t e o r s  with log K > -6.  8 have q' > 7 a. u . ,  while none of the 

m e t e o r s  with log K < -6. 0 has  such a l a r g e  aphelion dis tance.  We can  argue ,  

then, that  Fig. 3 is co r rec t ly  in te rpre ted  as a composi te  of two groups and 

that aphelion dis tance is a useful, but not the  complete,  p a r a m e t e r  requi red  

to sepa ra t e  them. 

However,  t h e r e  is some  indication that  m o s t  of the 

Othe r  ana lyses  of m e t e o r s  f r o m  which 

Jacchia  (1963) 

In a n  independent analysis ,  Ceplecha (1968) w a s  able  to  sepa ra t e  the  

Super-Schmidt m e t e o r s  solely on the bas i s  of beginning height and demons t r a t e  

that  selection effects in the JVB m e t e o r s  ar t i f ic ia l ly  enhanced the impor tance  

of aphelion dis tance as a distinguishing cha rac t e r i s t i c  of the two groups.  We 

have used Ceplecha 's  c r i t e r i o n  to  sepa ra t e  the  da ta  into his  groups A and C 

as shown in Fig.  3.  

7946 is the only "asteroidal"  f ragment  uncovered by JVB. 

be considered the unique m e m b e r  of a th i rd  group. )  We believe this  division 

into two groups has  a t  l ea s t  the same significance as the e a r l i e r  ana lyses .  

Before we proceed with an  in te rpre ta t ion  of these  me teo r s ,  it wil l  be of value 

to d iscuss  some observat ional  e r r o r s .  

(The s t r a y  point at log K = -6 .  7 f r o m  Harva rd  m e t e o r  

As such, it can 

I 

We inspected the var ia t ions of log K and the assoc ia ted  values of log u 

given by JVB fo r  var ious dece lera t ion  solutions of individual m e t e o r s  in 

group C. T h e r e  is some  tendency fo r  points to  s c a t t e r  around a l ine 

(45) 
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a resu l t  t o  be expected if the m o s t  s e r ious  observat ional  e r r o r s  are  in the 

decelerat ion.  An e r r o r  of about 2070 in V is necessa ry  t o  account f o r  the 

s c a t t e r  of log K around the mean  value of group C. 

that  the in te rna l  probable e r r o r s  of V a r e  of the o r d e r  of 570. 

Jacchia  has suggested 

Other  possible  e r r o r s  and a n  e s t ima te  of the mean  deviations they may 

produce in log K a r e  0 .15  for  actual  differences in the meteoro id ' s  shape 

o r  density,  0. 05  f o r  e r r o r s  in the integrated intensity, and 0. 05 fo r  devia- 

t ions of the actual  a tmosphere  f r o m  the s tandard  a tmosphere  employed in 

the analysis .  

s ca t t e r  in the C group as  observat ional  in or igin and take the mean  value 

of log K = - 5 . 7 7  ( p m  = 0. 1 g / c m  ) t o  r ep resen t  the data.  

of the A group is log K = -6 .  19 ( p m  =: 0 .6  g / c m  ). 

in te rpre ted  as resul t ing p r imar i ly  f r o m  g r o s s  f ragmentat ion and if  the lower 

values of log K (-5. 9 f o r  group C) r e su l t  f r o m  a single body, then the l a rges t  

value is  explained by a meteoro id  fragmenting into about 10 equal m a s s e s  o r ,  

a l ternat ively,  a still l a r g e r  number  of unequal but comparable  masses. 

division into five f r agmen t s  f o r  group A would suffice. 

in the realm of possibility. 

Altogether i t  does not appear  unreasonable to  accept  the 

3 The ave rage  
3 

If the s c a t t e r  is to be 

A 

These  numbers  a r e  

However, i f  we accept  this interpretat ion,  we m u s t  a l s o  accept  the values 

of densi ty  implied by the e x t r e m e  (single-body) value of K.  As a n  al ternat ive 

we can a s s u m e  a me teo r i t i c  density p = 3 .  5 g / c m  , but demand, in accord-  

ance  with equation (42), that  the var ia t ion in log K be caused by m e t e o r s  with 

3 
m 

12 < N < 60 f o r  group A (and 150 < N < 1500 fo r  group C!). 

this t o  be a se r ious  possibil i ty.  

to f ragment .  

with X < 0. 1. 

could be so uniform that different dece lera t ions  among them would go  

unnot i c e d . 

We cannot believe 

F i r s t ,  it would be remarkable  f o r  all m e t e o r s  

Second, t e r m i n a l  blending is se ldom observed in these  m e t e o r s  

It is inconceivable that  the mass dis t r ibut ion of 2 5  f ragments  

An important  by-product of this ana lys i s  is the suggestion that  the 

apparent  densi ty  r a t io  of the two types of common m e t e o r s  is 4. 

analys is  of JVB m e t e o r s ,  Verniani  (1965) suggested a density r a t io  of 1 . 4  

In his  f i r s t  
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fo r  me teo r s  separa ted  by his aphel ia  c r i t e r i a .  

der ived above f r o m  the average  values of log K in a l a t e r  section. 

them against  Vern ian i ’s  values with the following plausibil i ty a rgument :  

Any method that max imizes  a given var iable  tha t  dis t inguishes  two groups  

of objects suffers  f r o m  l e s s  diffusion between the groups and, therefore ,  is 

to be prefer red .  

W e  wil l  use  the dens i t ies  

We defend 

In his second paper  Verniani (1966) descr ibed  meteoro ids  of q’ < 5.4  a. u. 

as having densi t ies  increas ing  with decreas ing  4 ’ .  

resu l t ,  he removed a small p a r t  of his sample  that  had l a r g e  deviations f r o m  

the mean  of log K.  

m e t e o r s )  were  d iscarded .  

velocity than group C m e t e o r s  (Ceplecha, 1968), they a l s o  have a lower  q’, 

and the effect  of diminishing the sample  was  t o  d e c r e a s e  the apparent  

dependence of density on q’ . 
dependence r e a l  o r  the resu l t  of a n  admixture  of s o m e  group A m e t e o r s  in 

the decreased  sample  Verniani  used ? In his f inal  ana lys i s  of densi t ies  of all 

m e t e o r s ,  Verniani h a s  shown that  the dis t r ibut ion of dens i t ies  is bimodal  f o r  

m e t e o r s  of low q’ . 
with our  group A value. 

with decreas ing  q’ f o r  the m e t e o r s  in the low-density mode is par t ly  respon-  

s ible  f o r  the density-aphelion relat ionship in his reduced sample.  

cer ta inly co r rec t ,  s ince the major i ty  of high-density objects w e r e  not p re sen t  

in that sample.  

i s  not caused pr imar i ly  by the increased  proportion of A m e t e o r s  still 

remaining in the reduced sample  as q’ dec reases .  

Before obtaining th i s  

F o r  the m o s t  par t ,  small values of K (i. e . ,  g roup  A 

Since these m e t e o r s  have a s ta t i s t ica l ly  lower 

The  quest ion then a r i s e s :  Is the remaining 

The high-density group has  a modal  value comparable  

He a r g u e s  that  a constant shift toward higher  density 

This  is 

However, we cannot be cer ta in  that  the observed relat ionship 

F igure  3 may a l s o  contain a seed of another  important  cha rac t e r i s t i c  

difference between A and C m e t e o r s .  

is  given by log K a - 1 / 3  log V and is consis tent  with exponent n = 2 ( instead of 3 )  

in cquation ( 1  0). 

me teo r s .  

of his groups contains a detectable velocity dependence, but as in the c a s e  of 

the density ra t ios ,  this could be a n  effect  introduced by a n  inappropriate  

The bes t  representa t ion  of the A m e t e o r s  

T h e r e  is no apprec iab le  velocity dependence among the C 

The suggestion is at var iance  with Verniani’s  conclusion that  ne i ther  
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division of the data. 

m e t e o r s  in  the JVB m a t e r i a l  would dilute the effect when the m e t e o r s  a r e  

t r ea t ed  as a homogeneous group. 

demonst ra te  a convincing velocity dependence, but the consequences will  be 

sufficiently important  to recommend this  as a future  goal of any optical  

m e t e o r  program.  

F u r t h e r m o r e ,  the relatively s m a l l  number of group A 

Far bet ter  s ta t i s t ics  will  be requi red  to 

3 .6  Spallation and the Reverse-Rocket  Effect 

The  complete d rag  equation (4) initially proposed by Levin (1961) 

included, in  addition to the no rma l  aerodynamic force ,  a t e r m  result ing f r o m  

the impulse of the vaporization products.  

is given by equation (12 ) ,  then equation (4) can  be wr i t ten  as 

If the mass los s  m in equation (4) 

.I< 

where  IT-" = A/2  r < will  be r e fe r r ed  to as the t r u e  value of the ablation 

coefficient. The observed  value r, if  it is  der ived f r o m  a drag  equation 

containing only the aerodynamic  drag ,  is re la ted to  the t rue  value by 

(47) 
E .b 1- 

0 - =  
1 - f w  V a  

As Levin pointed out, th i s  r eve r se - rocke t  effect is important  only f o r  c a s e s  

where  the gas  cap  does not shield the depart ing vapors .  

however, is not valid i f  the ablation par t ic les  a r e  solid f ragments  r a the r  than 

vapor.  Here  we  wil l  d i scuss  the apparent  changes in  the d r a g  f o r c e s  induced 

by such  spallation products if they should occur .  

This  res t r ic t ion ,  

L e t  us define the effective d r a g  coefficient as 
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If we at tempt  t o  adjust  the apparent  density of the m o s t  dense  group A 

meteoro id  f r o m  the value of pm = 0. 9 g / c m  , the t e r m  in  parentheses  

m u s t  take the value ( 3 .  5/0. 9 ) 2 / 3  =: 2. 5, o r  

3 

.I< 

(49) fwVu.'' 1. 5 . 

4, 

Substituting u'" f r o m  equation (47), utilizing a n  empi r i ca l  value of u 

fo r  Super-Schmidt m e t e o r s  (Cook, 1968), 

and solving f o r  spallation velocity in  the ex t r eme  c a s e  of f = 1, we find that 

spallation velocit ies of the o r d e r  of 1 k m / s e c  a r e  requi red  to give stony 

densi t ies  fo r  m e t e o r s  of group A .  

It is of i n t e re s t  t o  investigate the f rac t ion  of the specif ic  ablation energy  
2 t; that is contained in the specif ic  kinetic energy  of the spa l l  w / 2 .  Certainly,  

w / 2  5 t; and A 5 1. Also,  as  shown by equation (47), u 5 o- . It follows 

thcn that w2 5 1 / T u  . 

.L 2 -,- 

6 
An e x t r e m e  limit on w Z 1 0  c m / s e c  is found f r o m  the 

-12 2 2 sma l l e s t  observed values of u (2 X 10 sec / c m  ) among the Super-Schmidt  - 
5 meteor s .  A limit of w 3 X 10 c m / s e c  r e su l t s  f r o m  a n  average  value of 

u 2 x 10 s e c  / c m  . In principle,  t he re  is  sufficient energy available to 

explain the me teo r  bulk densi t ies  in t e r m s  of spallation, but the efficiency 

of the t r ans fe r  of the available energy  to  the spallation p r o c e s s  i s ,  in o u r  

view, unbelievably high. 

11 2 2 

We can confirm this view by an investigation of a s imple  model.  If we 

accept  the concept of a s t rong solid body fo r  the meteoroid,  we can produce 

spa l l  only i f  the material s t rength  at the su r face  is  exceeded. 

energy available will  be that s tored  in the m a t e r i a l  by e l a s t i c  compress ion  

a t  the fa i lure  point. 

a r e a  A 
given by 

The  max imum 

L e t  u s  consider  the compress ion  of a cylinder of f ronta l  

When compressed  by a n  amount AL, the work done is and length L. 
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AL 

Given Young's modulus Y = PL/AL,  where  P is the applied p r e s s u r e  and will  

l a t e r  be taken a s  the compress ive  s t rength  of the meteor i t ic  stone,  we find 

that 

where  pm is the bulk density. 

with a kinetic energy w /2,  we have 

Equating the work  p e r  unit m a s s  U / m  
2 

for  me teo r i t i c  stone.  

l e s s  than required.  

(48) is only of the o r d e r  of 1%. 

This  is the max imum velocity of spa11 and is 2 o r d e r s  

The cor rec t ion  to the drag coefficient given by equation 
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4. PHOTOMETRIC AND DYNAMIC MASSES OF FIREBALLS 

AND FAINT METEORS 

A stat is t ical ly  significant number of very bright m e t e o r s  ( -15 < M < - 5 )  

have been observed  by the Prairie Network ( P - N )  sys tem (McCrosky and 

Boeschenstein,  1965). The data- reduction methods and detailed resu l t s  fo r  

2 9  of these  have been published (McCrosky and Posen ,  1968). 

and t r a j ec to ry  data  f o r  150 such  objects now exist .  

a r e  seldom of the high quality possible with Super-Schmidts.  

optics and the  g r e a t e r  range  of the object diminish the accuracy .  

the longer  durat ion of these  br ight  objects ( 1  < t ( s e c )  < 14) often pe rmi t s  

us to de te rmine  decelerat ions with an  internal  accuracy  comparable  to 

that  obtained f o r  fa in t -meteor  data. We m o s t  frequently use the observed 

t r a j ec to ry  data  over  a 2 - s e c  in te rva l  t o  de te rmine  the decelerat ion a t  the 

midpoint of this  t r a j ec to ry  a r c .  Since in te rva ls  overlap,  the var ious  

dece lera t ion  values are  not ent i re ly  independent. F o r  example,  a 6 - sec  

m e t e o r  would normally be divided to give five solutions f r o m  t r a j ec to ry  a r c s  

of 0 t o  2 sec ,  1 to 3 s e c ,  2 to 4 sec ,  e tc .  Those c a s e s  where  the internal  

probable e r r o r  of the dece lera t ion  i s  l e s s  than 12. 5% of that quantity a r e  

d iscussed  in this  section. 

Photometry 

The P - N  t r a j ec to ry  data  

The poorer  

However, 

Photometry  of the br ight  P - N  m e t e o r s  a l s o  presents  problems not 

encountered in fa int  me teo r s .  

m e t r i c  m a s s e s  f r o m  only the bes t  photographs and have used these  data  f o r  

compar i son  with the dynamic m a s s e s  de te rmined  f r o m  all films reduced for  a 

par t icu lar  me teo r .  

In mos t  c a s e s ,  we have de termined  photo- 

All t hese  data  are combined in Fig.  4, where  we have plotted 

against  m F o r  these  m e t e o r s  we have chosen I' = 0.46, 

= 1 in  determining m m d' 

2 

A = 1. 21, and a n  a r b i t r a r y  value of p 

m e t r i c  m a s s e s  w e r e  der ived  f r o m  equation ( 7 )  with n = 3 and T = 10 

(cgs and 0 mag).  

P /md a Pm P' 
Photo- 

0 
The  s a m e  information is given f o r  the 413 J V B  

-19 
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Fig .  4. 
(pn,) as  a function of m 
N = P r a i r i e  Network, 

Ratio of photometric mass (mp) to  dynamic mass  (md),  and densi ty  
fo r  JVB and P - N  m e t e o r s .  S = Super-Schmidt (JVB), 

= Harva rd  m e t e o r  19816, P A =  Harvard  me teo r  1242,  
and 0 = Harvard  m e t e o r  7946 (JVB). 
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m e t e o r s  f o r  which the probable e r r o r  of the decelerat ion m e e t s  the s a m e  

condition as that  requi red  of the P - N  data.  

we have used r = 1 as a d rag  coefficient cha rac t e r i s t i c  of f r e e  molecular  

flow. E a c h  plotted point r ep resen t s  one dece lera t ion  solution, and thus 

each m e t e o r  may  contribute many data points. 

of d a t a  of the faint m e t e o r s  r ep resen t s  a single hypothetical m e t e o r  with the 

ave rage  value of X = 0. 3 .  

covering near ly  10 o r d e r s  of magnitude, is in par t  understood by the behavior 

of m e t e o r s  undergoing th i s  deg ree  of p rogres s ive  fragmentation. 

points marked  by spec ia l  symbols  a r e  f r o m  th ree  "asteroidal"  f r agmen t s  

analyzed by Cook e t  al. (1 963) o r  by JVB.  

F o r  these  s m a l l e r  objects 

The solid line within the body 

The extensive ver t ica l  sp read  of these  points, 

The data  

The  e x t r e m e  point at the upper edge of the d i ag ram is a Giacobinid 

Meteo r s  of this shower a r e  unusual in every  respec t ,  and i t  is m e t e o r .  

quite impossible  now to de te rmine  how much of the anomaly shown i n  Fig.  4 

is the resu l t  of f ragmentat ion,  in t r ins ic  low density,  o r  r e a l  depa r tu re s  f r o m  

the usual m e t e o r  theory.  Until recent ly ,  the abnormally g r e a t  beginning 

heights of the Giacobinids w e r e  inexplicable. It appeared  that radiat ional  

cooling would keep the m a t e r i a l  wel l  below the  vaporization point a t  these  

alt i tudes.  

i ron.  

s ize  comparable  t o  the wavelength of the emit ted light offers a mechanism 

f o r  vaporizing material with a relat ively low heat  f lux to  the body. 

frequently show visible evidence of g r o s s  f ragmentat ion a t  high alt i tudes.  

If they a r e  a l s o  fragmenting appreciable  quantit ies of micron-  s ized  pieces  

at al t i tudes above 100 km, where  the dynamic load is less than 4 X 10 dyn/cm , 
perhaps  it is not so difficult t o  believe that t he i r  s t ruc tu re  is l i t t le  m o r e  than 

a gossamer .  

Yet  these  m e t e o r s  show the usua l  emiss ion- l ine  spec t rum of 

Cook ' s  (1968)  discussion of the radiat ion proper t ies  of par t ic les  of 

Giacobinids 

2 2 

The o the r  ex t r eme ly  high and low values of the mass ra t io  of both the 

Super-Schmidt  and the P - N  r e su l t s  perhaps  should be at t r ibuted to  sys temat ic  

e r r o r s  of measu remen t .  

an  admixture  of high-density ma te r i a l .  

Other  possible  explanations a r e  ex t r eme  shapes  o r  

T h e r e  is no tendency f o r  objects 
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of init ial  mass l a r g e r  than the c r i t i ca l  s ize  f o r  t h e r m a l  shock (R > 10 cm,  

m > 15 kg) to  produce low mass ratios., 

detected in the l imited data  of m e t e o r s  of ve ry  l a rge  mass. 

Indeed, the opposite effect  m a y  be 

A l ea s t - squa res  solution f o r  x h a s  been der ived f r o m  those f i r eba l l s  

with a t  l ea s t  t h r e e  observed dece lera t ions ,  the equation of condition being 

The  values of dynamic mass m e a s u r e d  on all photographs of the m e t e o r  

w e r e  combined in the solution. 

unusually l a rge  probable e r r o r s  in x (rms deviation > 0.  2 5 ) ,  as w e r e  all 

cases  ( 2 5 )  when only two dece lera t ion  m e a s u r e s  were  available.  

category cons is t s  p r imar i ly  of sho r t  m e t e o r s  f o r  which the fragmentat ion 

index may be overly sensi t ive to  small e r r o r s  in  the observa t ions .  

number distribution of x f o r  the remaining f i r eba l l s  is  compared  in 

F ig .  5 with that  given by J V B  for  s m a l l - c a m e r a  me teo r s .  The two d i s t r i -  

butions a r e  similar except fo r  a slight shift  of the max imum of the f i r eba l l  

distribution to negative values of X. A progres s ive  d e c r e a s e  in the shape 

fac tor  brought about by a s t reaml in ing  of the ablating meteoro id  o r  a 

t e rmina l  m a s s ,  unaccounted f o r  in the photometric mass,  can  produce these  

negative values of x. In e i the r  case ,  o r  in the c a s e s  d iscussed  below, the 

cor rec t ions  we would requi re  to remove  the skewness  of the x dist r ibut ion 

will  produce a dec rease  in the bulk dens i t ies  implied by the observat ions.  

Eleven c a s e s  w e r e  re jec ted  because of 

The l a t t e r  

The  

The t e rmina l  m a s s  i s  usually descr ibed  as that p a r t  of the meteoro id  

remaining a f t e r  all ablation ceases .  

whc.re la rgc  ranges and g rea t  zenith dis tances  a r e  f requent  at the end of the 

photographed t r a j ec to ry ,  we m u s t  f i r s t  ru le  out the possibility that the t rue  

t e rmina l  mass  is not ar t i f ic ia l ly  enhanced by our  inability to  r eco rd  

In the c a s e  of f i reba l l s  in the P - N ,  
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the m e t e o r  during the last p a r t  of i t s  t ra jec tory .  

of x f o r  those m e t e o r s  with t e rmina l  velocit ies l e s s  than 8 k m / s e c  in the 

hope that  th i s  select ion would give a fair  representa t ion  of m e t e o r s  sufficiently 

n e a r  a s ta t ion to pe rmi t  them to be observed to n e a r  the end of the i r  luminous 

t ra jec tory .  Of the nine m e t e o r s  in this category,  eight have y < 0. This fac t  

denies  the proposed explanation of the observed negative X ' S  and a t  the s a m e  

t i m e  rev ives  another  possibility. If the luminous efficiency d e c r e a s e s  m o r e  

rapidly than the f irst  power of velocity a t  very  low velocit ies,  the photometric 

mass will  be a n  underes t imate  of the t r u e  mass. 

luminosity law may fail a t  

previous invest igators  (Opik, 1958;  Jacchia ,  1949). With s o  many possiblc 

explanations,  each of which may  contribute to  an  e r r o r  in the photometr ic  

m a s s ,  we do not think it fruitful  to  a t tempt  t o  der ive  a n  express ion  for  the 

luminous efficiency as  a function of velocity capable of cor rec t ing  the skewness  

of the dis t r ibut ion of X. 

We examined the values 

The suggestion that  the 

V = 1 0  k m / s e c  has been made  by a number  of 
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Fig. 5. Distr ibut ions of the f ragmenta t ion  index X f o r  P - N  and JVB small- 
c a m e r a  m e t e o r s .  
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A pr imary  fea ture  of Fig.  4 is the gene ra l  ag reemen t  in apparent  

density of many of the P - N  objects  with the values de te rmined  f r o m  the 

Super-Schmidts by Verniani  o r  by us i n  Sect ion 3 .  

The A and C groups cannot be distinguished among the faint  m e t e o r s  in 

Fig.  4, since m e t e o r s  of both groups a r e  s t rongly diffused along the 

ordinate  by fragmentation. 

on the bas i s  of beginning heights is unrel iable  because of varying conditions 

of visibility during the observat ions.  Ceplecha (1968) h a s  suggested ce r t a in  

orb i ta l  c r i t e r i a  that  would re lega te  a lmos t  all P - N  m e t e o r s  t o  group A o r  t o  

subgroup C 

A separa t ion  of the f i reba l l s  into two groups  

1' 

We believe the existing data  a r e  sufficient t o  provide reasonable  upper  

limits on the density of the group A faint  m e t e o r s  and the ave rage  f i reba l l .  

We immediately st ipulate the possibil i ty that  group A objects  may  be com-  

pr i sed  of re la t ively high-density ma te r i a l .  

can be increased  by a fac tor  of 2 if, f o r  example,  we accept  a n  inc rease  in 

the shape fac tor  and luminous efficiency to  the  values given by Cook e t  al. 

(1963) (A = 1. 8, T~ = 1. 2 X 

constants  to inc rease  the density of group A m e t e o r s  by m o r e  than a f ac to r  

of 3, the densi t ies  of the var ious as te ro ida l  meteoro ids  become anomalously 

high. These  a r e  all wel l -observed m e t e o r s  with distinctive cha rac t e r i s t i c s ,  

and the resu l t s  f r o m  these  should not be discounted. 

to ass ign  these objects  to the i ron-meteor i te  c l a s s  to e f fec t  an  inc rease  in 

density of all Super-Schmidt  m e t e o r s .  

ment  in the value of T 

and by a curious coincidence, s tones and i rons  probably cannot be d is -  

tinguished f r o m  one another  by the observed  value of K only. If s tones 

contain 25% i ron  and if i ron  is the predominant contr ibutor  to luminosity,  

then 

3 The nominal densi ty  of 0. 6 g / c m  

If we a r b i t r a r i l y  change any of the 

One might  be tempted 

But at the s a m e  t ime ,  some  adjust-  

is requi red  because of the change in composition, 
0 

i ron  

0 
T 2 

(54)  K a - - z =  
Pm 
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If the densi t ies  a r e  in  e r r o r  by a fac tor  of 2 o r  3, Whipple 's  (1967)  - 
pre-Type I carbonaceous chondrite o r  "half-baked" as te ro id  m a y  desc r ibe  

a m a t e r i a l  of appropr ia te  density and fragi l i ty  to  sat isfy the observat ions of 

group A m e t e o r s .  We note,  however,  that the density wc der ive  for  group A 

resu l ted  f r o m  a n  ana lys i s  of a selected subgroup with relatively l i t t le f r a g -  

mentation. 

s t rength  and density.  

These  pa r t i cu la r  m e t e o r s  m a y  be the ex t r eme  examples  of high 

F igu re  4 m a k e s  i t  m o s t  reasonable  to  a s s u m e  that the f i reba l l s  are  a 

mixture  of the A and C m a t e r i a l  observed  by the Super-Schmidts .  

if we take the view that  t he  faint  m e t e o r s  a r e  t r u l y  high-density objects and 

have the i r  t r u e  s t r u c t u r e  masked  by frothing o r  f ragmentat ion by t h e r m a l  

shock, then e i ther  the l a rge  f i reba l l s  are a different kind of object of low 

density o r  the constants I?, A, and T used in determining the f i r eba l l  

densi t ies  are  er roneous .  If we r equ i r e  a 10-fold inc rease  in the predicted 

density of p =: 0. 3, then e i the r  (1) the drag  coefficient for  l a rge  bodies is m 
r = (0.  46) = 2 . 1 ;  ( 2 )  the shape fac tor  for  the average  l a rge  body is 

A = (102'3)(l .  21) = 5. 6, corresponding,  fo r  example,  to a cyl inder  whose 
height is less than 10% of its d i ame te r ;  o r  (3) the luminous efficiency T 

has been underest imated by a fac tor  of 100. 

However,  

0 

0 

We would, at the very  leas t ,  be presumptuous if  we at tempted to  

r ede te rmine  the d rag  coefficient on the bas i s  of a n  a s sumed  m e t e o r  density.  

With r e spec t  to  (2), highly flattened shapes without init ial  rotation will  

probably align themselves  in flight with the flat face forward.  

no r eason  to  expect such  e x t r e m e  configurations.  

par t ic les  in  space  will  tend to f la t ten any init ially nonspherical  body, but 

the init ial  shape m u s t  a l so  be considerably flattened to  produce the required 

shape with any to le rab le  etching r a t e .  

But we have 

Isotropic  etching by dust  

The  quest ion of the exis tence of high-density meteoro ids  then r e s t s  

p r imar i ly  on the value of the luminous efficiency. 

A r e  the exper imenta l  values c o r r e c t  f o r  the luminous efficiency of i ron?  

Is the extrapolat ion of these  values  t o  meteoro id  m a t e r i a l  appropr ia te?  

Two problems a r e  involved: 
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The ag reemen t  of all the da t a  c i ted previously makes  it m o s t  difficult 

to disbelieve the gene ra l  r e s u l t  obtained f r o m  the luminous efficiency of iron. 

Many additional a r t i f ic ia l  m e t e o r s  in the a tmosphe re  (Ayer s  et al. ,  

1970) have confirmed the e a r l i e r  T ra i lb l aze r  resu l t s .  Since the photo- 

m e t r i c  m e a s u r e s  can hardly be wrong by a f ac to r  of 100, 

d i screpancies  m u s t  be at t r ibuted to an  e r roneous  value of the mass that  

en te red  into the m e t e o r  process .  

is known only by ground s tudies  of similar acce lera t ing  devices ,  the durat ion 

of the a r t i f ic ia l  m e t e o r  gives a rough m e a s u r e  of the mass of the flight model.  

If the t rue  mass of the T r a i l b l a z e r  pellet  is 10% (170 is requi red  to explain 

away the low-density meteors!)  of the nominal  mass of 2 . 2  g, o r  i f  only 10% 

of the init ial  mass is vaporized, the velocity h is tory  of the observed  pellet  

cannot be explained. 

any m a j o r  

While it is t r u e  that  the mass of a pel le t  

Allen and Baldwin made  two a t tempts  to der ive  a luminous efficiency f o r  

m e t e o r s  that  would justify the i r  contention that  s m a l l - c a m e r a  m e t e o r s ,  f o r  

which the frothing p rocess  is less  efficient, a r e  a l s o  of high density.  

explanation, in the i r  1967 paper ,  depends on blackbody radiat ion f r o m  carbon 

par t ic les .  

of carbon, the radiation t empera tu re ,  and the sensi t ivi ty  of the detect ion 

s y s t e m  to this radiation. 

luminous efficiency i s  overes t imated  by at l e a s t  a fac tor  of 2 s ince  they 

a s sumed  a sensit ivity of the optical  sys t ems  to  include the range 3000 A 

t o  7000 A. 
covered only the range 3800 

A par t ia l  

The contribution of th i s  luminosity is dependent on the abundance 

The i r  upper limit of the suggested change in 

0 

The ac tua l  s y s t e m s  employed in obtaining the data  they analyzed 

t o  5000 A. 

In the second paper ,  Baldwin and Allen (1968) again der ived  the  luminous 

efficiency as a function of velocity on the assumpt ion  of high density and 

frothing meteoroids .  T o  substant ia te  t he i r  r e su l t s ,  a compar ison  was  made  

with the labora tory  r e su l t s  of Fr i ichtenicht  e t  al. (1968). 

compar ison  on two points. 

with decreas ing  velocity that  they at t r ibute  to  Fr i ich ten ich t  e t  al. is p re sen t  

only i f  one obviously spurious da ta  point i n  the labora tory  r e su l t s  is accepted. 

We object to  this  

F i r s t ,  s o m e  of the inc rease  of luminous efficiency 
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T h e i r  plot of luminous efficiency a s  a function of velocity sugges ts  
- 1 . 7  1 

, whereas  the expe r imen te r s  themselves  have used T a V- 0 T a v  0 
t o  e x p r e s s  the i r  r e su l t s .  

r a the r  than refute the constancy of T Since e lements  other  
0 

than i ron  become m o r e  important  r ad ia to r s  a s  t h t  velocity inc reases ,  the 

luminous efficiency f o r  meteor i t ic  m a t e r i a l  as  a whole m u s t  i nc rease  with 

velocity m o r e  rapidly than that fo r  iron. 

Second, we believe the experimental  data  support  

fo r  me teo r s .  

While it m a y  be possible  to  adjust  the frothing model to accommodate  

these  f a c t o r s  as they re la te  t o  fa in te r  m e t e o r s ,  we cannot, for  the reasons  

stated previously,  conceive of frothing playing any appreciable  role in the 

case  of the f i reba l l s .  If they a r e  of high density, the luminous efficiency mus t  

be increased  100-fold f o r  l a rge  bodies. F u r t h e r m o r e ,  the inc rease  of 

luminous efficiency with increasing mass would have to occur  s o  as  just  to 

compensate  fo r  the d e c r e a s e  in  the impor tance  of frothing. 

We cannot s ta te ,  with finality, that  such  remarkable  changes do not 

occur ,  but we can  give quali tative evidence that  sugges ts  their  ex t r eme  

unlikelihood. Ceplecha (unpublished) has  recent ly  obtained a spec t rum 

(56 i / m m  and 28 A/,,) of a m e t e o r  es t imated  to be -18 m a g ,  the br ightest  

spec t rum on r eco rd  and equal to the br ightest  P - N  object. 

18 k m / s e c  a t  the beginning of the t ra jec tory  and about 6 k m / s e c  in the final 

portion. 

objects of th i s  velocity (faint  Si I1 l ines  a r e  detectable,  for  example).  

s t i l l  the predominant radiator  in  the f i reba l l ,  and this e lement  alone mus t  

a b s o r b  nea r ly  the en t i r e  i nc rease  necessa ry  in  

of Fr i ich ten ich t  et al. f o r  the absolute  efficiency of i ron  in  the range 3400 A to  

6300 A ,  

The velocity was 

Only minor  differences exis t  between this  spec t rum and m o r e  usual 

I r o n  is 

f O .  
If we accept  the value 

0 

luminous energy  ~ o .  570 
kinetic energy  , 
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then near ly  50% efficiency in  the visual range wil l  be required.  

mechanism fo r  this efficient radiat ion is descr ibed ,  we p r e f e r  to accept  

the concept of low-density meteoro ids .  

Until s o m e  
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5. METEORITES AND TERMINAL MASSES OF FIREBALLS 

No me teo r i t e s  have been recovered by the P - N  sys tem during 5 y e a r s  of 

operat ion ( s e e  McCrosky and Ceplecha, 1969, for  a discussion of the expec- 

tations and resu l t s  of this  operation).  Extensive s e a r c h e s  have been made  

f o r  two objects  that, if of high density,  would have produced me teo r i t e s  of l e s s  

than 2 kg. 

made  but r a the r  that  t he re  have been s o  few objects that warranted a search .  

If the predicted ra te  of fall (one me teo r i t e  p e r  yea r  of g rea t e r  than 1 kg) i s  

co r rec t ,  then  the probabili ty of 0 o r  2 occur r ing  in  5 y e a r s  i s  0. 007 o r  0. 08, 

respectively.  

the observat ions o r  theor ies  that produce these resu l t s ,  and ( 2 )  the a s sump-  

tions that led to the predicted r a t e .  

The significance of this  r e su l t  i s  not that no recover ies  have been 

This  unlikely dear th  of me teo r i t e s  prompts  us to question ( 1 )  

The determinat ion of an  upper l imi t  to the te rmina l  mass i s  one of the 

l e a s t  sophisticated a spec t s  of the reductions of our  observations.  Questions 

of the true luminous efficiency o r  of the ablation p rocess  a r e  not involved in 

the problem. 

determined by the usual meteor - reduct ion  procedures .  

data fo r  m o s t  m e t e o r s  with small t e rmina l  veloci t ies  (4 < V < 8) and low 

heights (20  < H < 35) c a n  be adequately expressed  by 

The dis tance D along the t r a j ec to ry  as a function of t ime i s  

We find that these  

D = a t b t - C t 2  . (55) 2 

This  express ion ,  implying a constant dece lera t ion  c, i s  valid fo r  the final 

0. 5 t o  1 .  0 s e c  of the t r a j ec to ry .  

squa res  f i t .  

The constants a r e  determined f r o m  a l ea s t -  

The in te rna l  probable e r r o r s  a r e  usually 

A b =  0.Olb , A c z  0 . 1 ~  . (56) 
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With V and V given by the differentiation of equation (55) and with the s tandard  

a tmospher ic  density,  we can compute the dynamic mass a t  the end of the v is -  

ible t ra jec tory  with equation (1). 

m a s s  since some  additional ablation m a y  occur .  

1 0 0  g f o r  P - N  m e t e o r s  if we a s s u m e  me teo r i t i c  dens i t ies  and sphe r i ca l  shapes.  

T h e r e  a r e ,  in fact ,  too few c a s e s  of m > 1 0 0  g f o r  a significant s t a t i s t i ca l  

analysis ,  but we es t imate  that a n  e r r o r  of a t  l e a s t  a fac tor  of 10,  and prob- 

ably 25, in the m a s s e s  given by equation (1) is required to  explain the appar -  

ent low ra te  of me teo r i t e s .  L a r g e  sys temat ic  e r r o r s  i n  r, p ,  and V a r e  

improbable.  We have, perhaps,  underes t imated  the shape fac tor .  A c u r s o r y  

inspection of me teo r i t e  samples  i n  museums  sugges ts  that  an  inc rease  in  A 

by a fac tor  g r e a t e r  than 41’3 (cor responding  to  a hemisphere  in the m a x i m u m  

drag  orientation) is unlikely. 

be distinguished by the fusion c r u s t .  

objects could help define the average  value of A and its  dispers ion.  

This  will be an  upper limit to the t e r m i n a l  

These m a s s e s  r a r e l y  exceed 

t 

The final or ientat ion of some  m e t e o r i t e s  c a n  

A study of the shape f ac to r s  of these  

Sys temat ic  e r r o r s  in V can  a r i s e  f r o m  e r r o r s  e i ther  in  D o r  t.  

sca le  i s  controlled by the frequency of a commerc ia l  power source .  

e r r o r s  in V due to  a constant but abnormal  power-line frequency a r e  exactly 

compensated by e r r o r s  in  V ; i. e . ,  the  dynamic mass is independent of the 

t ime scale .  

under  considerat ion a r e  smal l ,  and in  any case ,  not of a sys temat ic  nature .  

The t ime 

The 

2 

Variat ions i n  the l ine frequency over  the 1 s e c  of the t r a j ec to ry  

In determining D, we a s sume  that the center  of l ight of the t r a i l  a l s o  

r ep resen t s  the center  of m a s s  of the meteoro id .  

a progress ive  increase  in  the dis tance between the body and the light sou rce  

with t ime, we would underes t imate  ?, and to  a l e s s e r  extent, V . L e t  u s  

a s sume  as an example that the light phenomenon obeys equation (55) while 

the body follows the relationship 

If for  any r eason  the re  i s  

2 

C ‘  D f =  a f t  b f t  - - t ( 5 7 )  2 
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We take a ’ =  a = 0 and b ’=  b t E without l o s s  of generali ty.  

fac tor  of 2 e r r o r  in V f r o m  this effect, then c’ = c /2  and 

If we requi re  a 

c 2  c 2  
4 4 

A D =  D‘ - D =  E t  t - t > - t (58) 

5 2 Measured  values  of c a r e  of the o r d e r  of 2 X 1 0  c m / s e c  . F o r  t = 0. 5 SCC, 

A D  > 125 m, and for  t = 1 sec,  AD > 500 In. The occulting shut ter  on the 

P - N  c a m e r a  opera tes  at  2 0  cps.  

meteoroid,  o r  the center  of light, will t r ave l  200  m during one shut te r  cyclc,  

a distance comparable  to AD. 

behind the body with a maximum at AD, this  model  would predict  a consider-  

able smear ing  of the m e t e o r  image that would be evident as luminosity in the 

shut te r  breaks .  Te rmina l  portions of the t ra jec tory  often show no s igns of 

this  luminosity,  and when wake luminosity i s  apparent  it i s  frequently due to 

an obvious fragmentat ion p rocess  that h a s  produced a sma l l  number of dis-  

cernible  pieces .  

If the te rmina l  velocity i s  4 k m / s e c ,  the 

If the luminosity i s  thought of as a long wake 

In  summary ,  we do not believe i t  possible to modify significantly any of 

the quantit ies used to  de te rmine  a t e rmina l  mass. 

f i reba l l  observat ions that me teo r i t e s  i n  the range 1 t o  1 0  kg d o  not reach the 

e a r t h  with the frequency expected and that  we e r r e d  in  our predictions.  

We conclude f r o m  the 

It is well known that  r ecove r i e s  of individual small stones (m < 5 kg) 

a r e  substantially l e s s  than would be predicted by a s imple l inear  extrapola-  

t ion of the dis t r ibut ion of bodies m > 50  kg. 

stone me teo r i t e  falls, which we used in  our predict ion process ,  suggests  that 

me teo r i t e s  of mass 1 kg a r e  underabundant by a fac tor  of 1 0  compared with 

the number expected f r o m  the  extrapolation. 

pher ic  a t t r i t ion,  in  addition t o  the obvious select ion effect, might  be respon-  

sible f o r  this  dec rease  of numbers  of small m e t e o r s .  

with this conclusion and suggest  that  t h e r m a l  f r a c t u r e  m a y  be the  important  

mechan i sm f o r  the a t t r i t ion  of m e t e o r i t e s  of init ial  mass 1 < mo (kg) < 15. 

Brown’s  (1960)  discussion of 

Brown suggests  that  a tmos-  

We would now a g r e e  
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Objects in the range 1 0  < m (kg) < 1 0 0  m a y  surv ive  with significant 0 
t e rmina l  m a s s .  If they a r e  s t ruc tura l ly  s t rong ,  t he i r  m a s s - l o s s  r a t io  will 

be determined by the hea t - t r ans fe r  coefficient, which i n  t u r n  m a y  depend on 

the body s ize .  If convective heating is important ,  l a r g e  bodies will be t te r  

surv ive ;  sma l l  bodies have the advantage if radiat ion t r a n s f e r  f r o m  the gas  

cap predominates .  

ablate  to  s i z e s  where t h e r m a l  shock is aga in  effective. 

be a tendency to inc rease  the re la t ive  number of the l a r g e r  me teo r i t e s  

der ived f r o m  this  c l a s s  of objects.  

However, the objects at the low end of this  range m a y  

Thus,  t he re  might  

P r e s s u r e  f r ac tu r ing  i n  m e t e o r i t e s  can be the p r i m a r y  a t t r i t ion  mecha-  

n ism for  those s t i l l  l a r g e r  bodies possess ing  sufficient momentum to pene- 

t r a t e  deep into the a tmosphere .  

1000 kg have survived.  

of relatively small s tones.  

t i a l  a tmosphere  without m a s s  lo s s ,  the maximum dece lera t ion  is reached 

when 

No  s tones  of m a s s  g r e a t e r  than about 

L a r g e r  me teo r i t e s  f ragment  and produce showers  

In the spec ia l  c a s e  of a body enter ing a n  exponen- 

-1 /2  .b 

( 5 9 )  v.'. = V, e J 

and, by application of equation ( l ) ,  when the a tmospher ic  density is 

The maximum stagnation p r e s s u r e  is  then 

This  maximum load is somet imes  equated to  the crushing s t rength S 

ma te r i a l .  Thus,  Opik (1958, p. 26)  h a s  de te rmined  a s t rength  of 
8 2 S = 2 X 1 0  dyn lcm for  meteor i t ic  stone,  based on the heights of breakup 

of observed fa l l s .  

compress ive  s t rength  of many t e r r e s t r i a l  rocks  and some me teo r i t i c  s a m -  

p lcs  (Buddhue, 1942). 

of the 
C 

C 

This  value i s  an  o r d e r  of magnitude below the uniaxial  

Opik reso lves  the d iscrepancy  by suggesting that 

52 



the f ragmentat ion is a resu l t  of shee r  fa i lure  in  a symmet r i ca l  meteoro ids .  

It s e e m s  no l e s s  probable that l a rge  meteoro ids  can contain planes of weak- 

nes s  and that  the whole me teo r i t e  fa i l s  under  compress ion  at  Opik 's  des t ruc-  

t ion limit. 

It should be noted, however, that  the uniaxial crushing s t rength  as 

determined in  the labora tory  is not a p rec i se  m e a s u r e  of the s t rength of the 

me teo r i t e  in  flight. In the f o r m e r  case,  p r e s s u r e  i s  applied on the ends of 

a cylinder until fa i lure .  However, if a l a t e ra l  confining p r e s s u r e  i s  applied 

s imultaneously to  the s ides  of the cylinder,  the compress ive  s t rength of the 

sample  i s  increased ,  somet imes  markedly.  The meteor i te  in flight may be 

subjected t o  a s t r e s s  field that is intermediate  to those of the two laboratory 

conditions. 

due to the d r a g  but will a l so  have an  aerodynamic p r e s s u r e  normal  to the 

sur face  and p r imar i ly  over  the leading hemisphere .  

how much  this  par t icu lar  confining p r e s s u r e  would increase  the strength,  

if at all, but we suspec t  that  Opik 's  value, if  i t  i s  a reasonable e s t ima te  of 

the effective crushing s t rength,  i s  an upper l imit  to the c lass ica l  uniaxial 

compress ive  strength.  

equation (61)  the maximum mass and the approximate height 

p r e s s u r e  f o r  nonablating bodies (u = 0) that  can e n t e r  the a tmosphere  without 

s t ruc tu ra l  fa i lure .  

F o r  example,  a spher ica l  object will be subjected t o  a body fo rce  

W e  cannot yet es t imate  

In  Table I we give fo r  the var ious  pa rame te r s  of 

of maximum 

2 8 2 We have used I7 p V = 2 X 10 dyn/cm and a n  inverse  a tmospher ic  
-6 sca le  height of b = 1. 6 X 1 0  The l a t t e r  value is an  upper l imit  for  

the a tmosphe re  where  the ma jo r  dece lera t ion  takes  place and thus gives a 

lower limit t o  the m a s s e s  quoted. 

(S = 3 X 10  

level  before crushing f o r  any of the veloci t ies  considered. 

/ c m .  

F o r  s t rong  me teo r i t e  s t ruc tu res  
9 2 dyn/cm ) t he re  is no l imit  in the mass that can r each  s e a  

C 

T ra j ec to r i e s  with low values  of cos Z a r e  s ta t is t ical ly  l e s s  l ikely as R 
the velocity i n c r e a s e s  (Wood, 1961 ), and the observed l imi t  of stony 

me teo r i t e  m a s s e s  can  be understood only if me teo r i t e s  a r e  re la t ively high- 

velocity objects fo r  the m o s t  par t .  Wood reached the s a m e  conclusion with 
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Table I 

Init ial  m a s s e s  (m,) and m a s s e s  (m) of me teo r i t e s  of var ious  veloci t ies  that  
a t ta in  a max imum load of 2 X 108 dyn/cm2 at alt i tude H. 
to follow a law expres sed  by equation (12).  

Ablation is a s s u m e d  
Tabulated p r e s s u r e s  a r e  f o r  

ve r t i ca l  en t ry  (cos Z = 1 )  R 

M a s s  at 

m (cos Z ) H co R 

Height at 
max imum 
p r e s  s u r e  

M a s s  at 
max imum Ablation 

coefficient p r e s  sur e e n t r y  V e 1 oc ity 
0- m ( c o s  ZR)  

co 
V 

0 

11 1 o - I 2  

5 x 

16 

0 

-12 1 0  

5 x 

0 

22 1 0 - l 2  

5 x 10- l2  

4 
2 . 8  X 1 0  

2 . 3 9  x l o 4  

4 1 . 7 5 x  1 0  

2 . 9  x l o 3  

2. 06 x l o 3  

6 .  95  x i o 2  

2 4 . 3  x 1 0  

2 . 4 8 X  10' 

8 . 6  X 1 0  

4 . 4  

4. 7 

5. 8 

9. 1 

9. 8 

12. 2 

13. 2 

14. 3 

16. 7 

4 
2 . 8  X 1 0  

3 . 5  x l o 4  

9. o x l o 4  

2 . 9  x l o 3  

4 . 4  x l o 3  

9 . 5  x l o 3  

4 . 3  x l o 2  

9 . 6  x i o 2  

3 7 . 3 x  1 0  
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totally different  a rguments  based on the distribution of the local t ime of fa l l  

of me teo r i t e s .  

There  r ema in  two other  possible explanations f o r  the absence of l a rge  

me teo r i t i c  stones (we exclude the possibil i ty that  they do not exis t  i n  na ture) .  

F i r s t ,  the s t rengths  a r e  substantially l e s s  than the value w e  have assumed.  

Second, ablation m a y  reduce the ini t ia l  m a s s  and, a t  the same  t ime,  i nc rease  

the dynamic p r e s s u r e  available fo r  crushing.  

understood qualitatively if we note that a body that has  ablated down to the 

c r i t i ca l  mass will have a g r e a t e r  velocity a t  any given height than will a 

nonablating body of the same  m a s s .  

f o r  the spec ia l  ca se  of a constant ablation coefficient cr and a constant inverse  

sca le  height b. 

density p as a function of velocity V according to 

The l a t t e r  effect can be easi ly  

The problem can  be t rea ted  quantitatively 

Equations ( 1 )  and (2)  can  be integrated to give the a tmospher ic  

1 1 

1 U 

2 where u = crV /6 .  The p r e s s u r e  i s  given by 

(63) 

Also,  

when 

(64) 

- U  U 

m U 

du 
2 13 

e 3 b cos Z R  pm 

2Acr U 
p1 = r p  v 2 =  

1 1  

1 U 

d P  -= 0 
d' 1 

1 U 
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8 2 
Using equation ( 1 2 )  and set t ing the maximum p r e s s u r e  p 

we obtain 

= 2 X 1 0  dyn /cm , 1 

In  Table 1 we show the l imiting mass fo r  surv iva l  f o r  two values  of the - 
2 ablation coefficient; u = s e c  / c m 2  is a lower l imi t  f o r  all photographic - -  

-12 2 2 me teo r s ,  and u = 5 X 1 0  

and the l a rges t  observed values  (Jacchia ,  1958). The prea tmospher ic  

m a s s e s  m 

in Table I shows that ablation is not par t icu lar ly  effective in  reducing the 

l imiting s ize  of the low-velocity objects and, therefore ,  is not a n  adequate 

explanation of the observed mass limit of s tones.  

s e c  / c m  i s  a value between a n  average  m e t e o r  

a r e  computed f r o m  equation (12) .  A compar ison  of all r e su l t s  co 

I t  then follows f r o m  the preceding arguments  that  e i ther  (1) the effective 
7 2 

crushing s t rength  is S 

the e a r t h  with V <, 16  k m / s e c .  

cations.  

s t rength  i s  a l s o  low and we should reevaluate  the limit fo r  t he rma l  shock 

derived in Section 3 .  If we p resume  that the decreased  crushing s t rength  

i s  p r imar i ly  due to  planes of weakness i n  the ma te r i a l ,  r a the r  than to a bulk 

property of the whole meteor i te ,  then the exac t  mechanism of the rma l  f r a c -  

t u re  becomes c ruc ia l .  

if our explanation f o r  the exis tence of me teo r i t i c  stone l e s s  than the c r i t i ca l  

s ize  for  t he rma l  f r ac tu re  is co r rec t ,  and the tensi le  s t rength  for  t he rma l  

s t r e s s e s  will be l i t t le affected. 

s t r e s s  concentrators ,  the tensi le  s t rength  would dec rease  greatly.  We a r e  

disinclined to proceed fu r the r  with this  uncer ta in  d iscuss ion  and will only 

note that a dec rease  in  the tensi le  s t rength  of a fac tor  of 5 will i nc rease  the 

l imiting radius  to  50 c m  (equation (30)) o r  m =: 2 X 1 0  kg. Meteor i tes  

r each  peak heating loads before  peak dynamic loads,  and t h e r m a l  f r a c t u r e  

in  these la rge ,  weak s t r u c t u r e s  can occur  before compress ive  fai lure .  

a rgue  against  a universa l  ve ry  low strength,  we r eca l l  Buddhue's (1942) 

< 1 0  dyn /cm , or  (2) me teo r i t e s  do not a r r i v e  at 
C -  

Both possibi l i t ies  contain interest ing ramifi- 

Given a low crushing strength,  we can  suppose that the tens i le  

The planes of weakness will ac t  as s t r e s s  r e l i eve r s  

But should the preexis t ing c r a c k s  ac t  as 

3 

To 
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significant inverse  relationship between the s t rength of me teo r i t e s  and the 

number of s tones assoc ia ted  with the fall. 

always single falls. 

the whole prea tmospher ic  meteor i te  can  be substantially l e s s  than that of 

the tes ted  sample.  

The s t ronges t  objects were  a lmost  

This  fact precludes the possibil i ty that the s t rength of 

Let us now accept  a lower limit of V = 16 k m / s e c  in  the explanation for  

the absence of l a rge  s tones.  

hea t - t ransfer  coefficient A f o r  me teo r i t e s  by taking the ablation f rac t ion  for  

the Saint-Severin me teo r i t e  proposed by Cantelaube, Pe l las ,  Nordemann, 

and Tobai lem (1969)  on the bas i s  of cosmic - ray  t r acks  near  the outer surface.  

Equation ( 1 2 )  gives 

We can  es tab l i sh  a rough upper l imit  on the 

where the subscr ip t  e r e f e r s  to some final condition when ablation noticeably 

s tops.  

(we have observed ablat ion at V < 5 k m / s e c  in  f i reba l l s ) ,  and 

5 = 8 X 1 0  e r g s / g ,  the energy of vaporization. Cantelaube et  al. give 

mo’me 
coefficient is c o r r e c t  fo r  meteor i tes ,  the near-negligible te rmina l  mass of 

the f i r eba l l s  we have observed offers  an  independent argument  against  their  

a l so  possess ing  the physical cha rac t e r i s t i c s  of me teo r i t e s .  

study of the ablation problem of a Saint-Severin-type body in  which convec- 

t ive and radiat ive heat  t r a n s f e r s  a r e  included would be an ex t remely  useful 

addition to me teo r i t i c s .  

velocity limit consis tent  with the ablation defined by the cosmic-  ray  t r acks .  

W e  choose Ve = 8 k m / s e c  as a v e r y  safe upper l imit  on the velocity 

10  

= 1.  3 3 ,  and we find A 5 0. 02. If this  low value of the hea t - t ransfer  

A m o r e  rea l i s t ic  

In  par t icu lar ,  we would like to know the upper  

In  view of the complex nature  of the at t r i t ion p rocesses  outlined above, 

we do not believe that  any s ta tement  concerning the  distribution of init ial  

mass can be made  by u s e  of the observed dis t r ibut ion of me teo r i t e  m a s s e s .  

T h e r e  is cer ta inly no r eason  to believe that  the f inal  distribution should be 

a s t ra ight  l ine i n  a log-mass  - log-number plot. 
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F u r t h e r m o r e ,  if the  ini t ia l  m a s s  dis t r ibut ion were  known, our knowledge 

of the important  detai ls  of the f ragmenta t ion  p r o c e s s  is too l imited to pred ic t  

any rel iable  dis t r ibut ion of m e t e o r i t e s  on the  ground. 

f r a c t u r e  or  s t r e s s  relief i n  t h e r m a l  shock is ambiguous. The t r ea tmen t  of 

the ablation p r o c e s s  and the hea t - t r ans fe r  problems has  ( i n  th i s  paper  and, 

generally,  in the past)  been sketchy at best .  

r een t ry  problems could now be applied. 

tion, the concept of the usua l  uniaxial  compress ive  s t r eng th  is only a f i r s t -  

o r d e r  approximation to  the problem of an  en ter ing  me teo r i t e .  

The mechan i sm of 

New methods developed fo r  

In the case  of p r e s s u r e  fragrnenta- 

Finally,  we note that the f o r c e s  on a l a r g e  meteoro id  during en t ry  a r e  

not t r iv ia l .  

any fo rces  the body has  previously endured. 

meteoro ids  is proger ly  considered as a disrupt ive fo rce .  However, because 

of the hydrostat ic  normal  force  applied to  the body behind the shock wave, 

t h e r e  is a l so  a compress ive  component that ,  f o r  init ially weak and low- 

density ma te r i a l ,  m a y  cause sufficient compaction of some in t e r io r  m a t e r i a l  

to  increase  i t s  s t rength.  

sur face  of the ea r th?  Is the s t ruc tu re  of a Type I carbonaceous chondrite 

consis tent  with i t s  fo rma t ion  f r o m  a low-density (cometary?) body that  has  

been compressed  during a tmospher ic  entry? 

F o r  some m a t e r i a l  they a r e  comparable  to  o r  g r e a t e r  than 

The p r e s s u r e  load on l a rge  

Can such indurate  m a t e r i a l  a r r i v e  intact  at the 
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LIST O F  SYMBOLS 

R 

A 

b 

C 

D 

f 

F, G 

I, i 

K 

m 

m 

md 

m 
P 

t m 

m 

r 

R 

co 

V 

R l im 

f ronta l  a r e a  of the meteoro id .  

shape fac tor .  

inverse  density sca l e  height in the a tmosphere .  

hea t  capacity. 

dis tance along the m e t e o r  t ra jec tory .  

p a r a m e t e r  descr ibing the direct ion of departing ablation products.  

functions defined by equations ( 2 5 )  and (26) .  

luminous intensity within a specified spec t r a l  region. 

Note: When only undispersed photographic information is avai l -  

able,  intensi t ies  a r e  conventionally expres sed  in t e r m s  of the 

br ightness  of an A0 s t a r  producing the equivalent photographic 

effect .  These  intensi t ies ,  given re la t ive  to a 0-magnitude s t a r ,  

a r e  defined as I = - 2 .  5 log M. 

instantaneous m a s s  of the meteoroid.  

ini t ia l  m a s s .  

dynamic mass, de te rmined  f r o m  the measu red  drag.  

photometr ic  m a s s ,  determined f r o m  the measu red  luminosity.  

t e r m i n a l  m a s s .  

m a s s  lo s t  by vaporization. 

rad ius  vec tor  of a sphe r i ca l  meteoroid.  

r ad ius  of a sphe r i ca l  meteoro id .  

rad ius  of a meteoro id  fo r  which the compress ive  s t r e s s  a t  the 

su r face  and the tensi le  s t r e s s  a t  the center  a r e  both equal to the 

corresponding s t rength  of the m e t e  or oid ma te  rial .  
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T, To 

V 

co V 

v C  
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W 

Y 

zR 
a 

P 
r 

E 

n 
A 

V 

ri 

P 

Pm 

P - 

P C  

U 

R U 

T 

T 
C 

tensi le ,  compress ive  s t r eng th  of the meteoro id .  

absolute t empera tu re  inside and outside the a tmosphere  

instantaneous meteoroid velocity. 

ini t ia l  meteoroid velocity. 

meteoroid velocity with which the c r i t i ca l  t empera tu re  T C is 

reached. 

speed of ablation products with r e spec t  t o  the meteoroid.  

W- '  i s  a cha rac t e r i s t i c  depth of heating (equation (21)).  

Young' s modulus. 

angle between the m e t e o r  t r a j ec to ry  and the local  ver t ical .  

t h e r m a l  expansion coefficient. 

d r a g . c o e f f i c i e nt . 
Note: We use  r = 1 ( f r ee  molecular  flow, fa int  m e t e o r s )  and 

r = 0. 46 (continuum flow, f i r eba l l s ) .  

t h e r m a l  emissivi ty .  

heat-  t r ans fe r  coefficient. 

he a t  conductivity . 

P o i s s o n ' s  ra t io .  

t he rma l  s t r e s s  in  the meteoroid in a direct ion perpendicular  to  r. 

a t m  o s phe r ic  dens ity . 

meteoroid density. 

t he rma l  s t r e s s  in  the meteoro id  along the rad ius  

a i r  density at which the c r i t i ca l  t empera tu re  T 

= A / 2 r p ,  ablation coefficient. 

i s  reached .  
C 

Stcfan- B oltzmann constant.  

0' 
t empera tu re  re la t ive  to T 

c r i t i ca l  sur face  t empera tu re  a t  which the meteoroid m a t e r i a l  

s t rength  i s  reached. 

64 



lumino s ity co e ff i c ie nt. 

f ragmenta t ion  index (equation (5 3 ) ) .  

heat  of ab la t ion  
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